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All rights reserved. 


^- Our home is a blue marble of a planet covered 
mostly with oceans. Land makes up only 30 percent 
of its surface. The atmosphere we breathe is quite thin 
compared to the size of our planet——about as thin 

as an apple skin is compared to an apple. 


1 Science ls a Way of Understanding 
the Natural World 


2 The Discovery of the Buckyball 
Technology ls Applied Science 


4 We Are Still Learning about the 
Natural World 


Chemistry ls Integral to Our Lives 


ố Scientists Measure Physical 
Quantities 


Abouft SCICnCC 


THE MAIN IDEA 


Science is the study of natures rules 


natural world. For example, we have learned 

that matter is made of very small fundamental 
pArticles called afoms. These atoms can then join to form 
larger fundamental structures called rolecules. This sort 
of knowledge has allowed us to create some amazing 


1m science we have learned much about the 


technologies—from agriculture to medicine to space 
travel. 

Yet science is more than just a body of knowledge. 
Itis also a method for exploring nature and discovering 
the order within it. Science is the product of observations, 
common sense, rational thinking, experimentation, and 
(sometimes) brilliant insights. It has been built p over 
many centuries and gathered from places all around the 
Earth. It is a huge gift to us today from the thinkers and 
experimenters of the past. 

What is so special about science? Why is science such 
an effective tool for discovery and for solving problems? 
How is science different from technology? Why is it so 
important that each of us have an understanding of this 
eye-opening and creative human endeavor? 
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The Cool Rubber Band 2. You touch your hand to the 
forehead of someone with a 


fever. You feel that his or her 
forehead is hot. How does 
your hand feel to the person 
with the fever? 

. lf the contracting rubber band 
causes your lip to cool down, 


Predict what happens to the 
temperature of a rubber band as it 

is stretched. Predict what hapbpens 

to the temperature of a stretched 
rubber band as it relaxes. 3 


PROCEDURE what does your lip do to the 
1. Stretch a rubber band while contracting rubber band? 
holding ït to your lower lip, 4. A hammer is hanging by a 


stretched rubber band. Hot air 
is then blown over the rubber 
band with a hair dryer. ls the 
hammer lifted upward or does 
it drop downward? 

5. True or False: Experiments often 
raise more questions than they 
answer. 


which you will find is sensitive 
to small temperature changes. 


2. Relax the stretched rubber 
bandl that is in contact with 
your lower lip. 


ANALYZE AND CONCLUDE 


1. Does the speed at which you 
stretch the rubber band make 
a difference? 


1 Science ls a Way of Understanding the Natural World 


EXPLAIN THIS 
What is the first step in doing scientific research? 


We humans are very good at observing. We are also very good at explaining 
what we observe. What we recognize today as modern science, however, began 
not with our powers of observation, nor with our creative explanations. Rather, 
modern science began when people first became skeptical of their observations 
and explanations. They wondered whether their observations were accurate. 
They wondered whether their explanations were correct. lo resolve their 
doubt, they turned to experimentation. 

The greatly respected Greek philosopher Aristotle (384-322 s.c.) claimed 
that an object falls at a speed proportional to its weight. In other words, the 
heavier the object, the faster it falls. This idea was held to be true for nearly 
2000 years, in part because of Aristotles compelling authority. The Italian 
physicist Galileo (1564-1642) was doubtful and allegedly showed the falseness 
of Aristotle“s claim with one experiment—demonstrating that heavy and light 
objects dropped from the Leaning Tower of Pisa fall at nearly equal speeds. You 
too can refute Aristotle's claim with a simple experiment, as shown in Figures † 
and 2. 

As a practical matter, experiments are better at proving ideas wrong than 
right. For example, is it a truth that all crows are black? Upon seeing millions 
of black crows, we may become very confident that all crows are black. The 
moment we see our first white albino crow, however, this once reasonable idea 
has been proven false. But learning that our ideas are false is useful information. 
]t can prompt us to double-check our thinking. We can then use our experience 
and creativity to come up with a more encompassing, alternative explanation. 


LEARNING OBJECTIVE 


Describe the nature of science andl 
the scientific method. 


¬H- Š ¬-- 


When did modern science begin? 


FORYOUR 

INFORMATION 
The success of science has much 
to do with an attitude common to 
scientists. This attitude is one of 


inquiry and honest experimentation 
guided by a confidence that all 


natural phenomena can be explained. 


} Figure 3 

This diagram illustrates essential activities 
conducted by scientists. Commonly, the 
first activity is the asking of a broad 
question that defines the scope of the 
research. lt is usually based upon the 
scientist's particular interests. The scientist 
can then move among all the various 
activities in unique paths and repeat 
activities as often as necessary. 
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^ Figure † 

Place a half sheet of paper UNDER a heavy 
book. Lift these up and  release them together. 
Which falls to the floor faster? ls it because the 
heavy book is pushing down on the light paper? 


^ Figure 2 

Place the half sheet of paper on TOP of the 
heavy book. Lift these up and release. The 
results will surprise you. Which falls to the 
floor faster? ls it because the light paper is 
pushing down on the heavy book? Or might 
it be that, in the absence of windl resistance, 
all objects fall with the same acceleration? 


This new explanation may not be perfect, but we can be confident that it is 
closer to the truth than our previous explanation was. The more experiments 
we conduct, and the more times we refine our explanations, the closer we get 
to understanding the actual workings of nature. 


The Wheel of Scientific Inquiry 


Performing experiments ¡is just one of many activities that scientists use to reach 
their goal of better understanding nature. As shown in Figure 3, one of the first 
activities tends to be the asking of a broad question, such as “Where did the 
Moon come from?“ “Can we efficiently create hydrogen from water using direct 
solar energy?“ or “When did humans first arrive in North America?“ All other 
activities are guided by this broad question. These activities will likely include 
learning about what is already known, making new observations, narrowing the 
focus of the research to something manageable, asking specific questions that 
can be answered by experiment, documenting expectations, performing experi- 
ments, confirming the results of experiments, reflecting about what the results 
might mean, and—perhaps most important—communicating with others. 

The order in which these activities are performed ¡is largely up to the 
scientist. No cookbooks. No algorithms of logic. Just equipment, a blank lab 
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About Science 


notebook, some self-discipline, a healthy dose of creative curiosity, and a desire 
to learn about nature for what it is—not for what we might wish it to be. This 
1s the scientific spirit. 


2 The Discovery of the Buckyball 


EXPLAIN THIS 
Why does falsifying information discredit a scientist, but not a lawyer? 


The scientific process is aptly illustrated by the late 20th century research of 
chemists Harry Kroto of Florida State Ủniversity and Rick Smalley and Bob 
Curl of Rice University in Texas (Figure 4). Their story began with Harry 
Kroto“s interest in identifying the composition of interstellar dust, which is the 
dust found in the vast distances between stars. 

lt is possible to identify materials in space by studying the light they 
emit or absorb. Within this light there are patterns that can be matched 
with known materials. S5pectral patterns from our sun, for example, 
tell us that the Sun ¡is made mostly of hydrogen and helium. The pat- 
terns of lipht coming from interstellar dust, however, are unlike the light 
patterns coming from any known material. The composition of interstellar 
dust, therefore, has been a great mystery. 

Kroto understood that interstellar dust is created by stars, especially those 
producing carbon. This led him to the following broad question: 


® Broad Question Can we reproduce star-like conditions here on Earth 
to create new carbon-based materials that have the spectral patterns of 
interstellar dust? 


® Document Expectations Kroto was visiting his friend and colleague Bob 
Curl at Rice Dniversity. Curl introduced Kroto to Rick Smalley, whose 
research involved using pulses of laser light to vaporize various materials 
such as silicon. The laser energy was powerful enough to heat materials to 


^ Figure 4 

Rick Smalley and Bob Curl (left) and Harry Kroto (right) together conducted research that led to 
the discovery of a new form of carbon. Their story illustrates how the scientific process helps us 
understand nature. 


LEARNING OBJECTIVE 


Provide an example of the scientific 
method in action. 


FORYOUR 


&@ INFORMATION 


Findings are widely publicized among 
fellow scientists and are generally 
subjected to further testing. Sooner 
or later, mistakes (and deception) 
are found out; wishful thinking is 
exposed. This has the long-run effect 
of compelling honesty. There is little 
bluffing in a game in which all bets 
are called. In fields of study where 
right and wrong are not so easily 
established, the pressure to be 
honest is considerably less. 


} Figure 5 
Smalleys experimental equipment in which 
lasers vaporized the material to be tested. 


Connected to this chamber was an instrument 


called a mass spectrometer, which measured 
the mass of the vaporized molecules. 


^ Figure ó 

The spherical cage of ó0 carbon atoms has 
the structure of a soccer ball consisting of 
20 hexagons and 12 pentagons. 
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over 10,000 degrees, which is hotter than the surface of stars. Kroto realized 
that 1f Smalley could focus his laser light on carbon, it might produce 
homemade interstellar dust (Figure 5). But in order to use Smalley“s laser, 
Kroto needed to describe his expectations to Smalley. Then later, in order to 
receive grant money, Kroto would need to articulate his expectations on his 
grant applications. 


Make Observations After Smalley agreed to collaborate, the research team 
expected that long and massive molecules of many carbon atoms would be the 
major products. Indeed, such molecules were produced. What caught them by 
surprise, however, was that the most abundant product was a much smaller 
mnolecule consisting of only 60 carbon atoms. 


Confirm Results lí the results are real, they must be reproducible. Kroto 
and his colleagues naturally repeated the experiments to confirm they were 
generating a molecule consisting of 60 carbon atoms. 


Narrow the Focus That so many of the C,j molecules were produced 
suggested that these molecules must be stable. (Unstable molecules tend 
to fall apart and are not seen so readily.) What was the identity of this 
stable molecule? Could it be an undiscovered molecule? Could it be a major 
component of interstellar dust? These questions prompted the research 
team to narrow its focus to a study of this particular molecule. 


Reflect on Findings Hlow could they deduce the identity of this mole- 
cule? They knew it consisted of 60 carbon atoms. Their next step was to use 
molecular models to build a reasonable structure. Kroto was familiar with 
the work of the inventor and architect Buckminster Fuller, who desipned 
geodesic domes. Perhaps C. looked like a geodesic dome. Late one evening, 
Smalley pieced together what looked like a polyhedron sphere, as shown 
1n Figure ó. 


Learn What IsKnown Assuming Smalley“s spherical structure was COFrect, 
the research team realized that they were on the verge of discovering a third 
form of the element carbon. Úp to that time, elemental carbon was known 
to exist in only two forms——diamond and graphite. 


Communicate with Others  Kroto, Smalley, and Curl were quick to publish 
their results and conclusions. With such documentation they were able 
to lay claim as the discoverers of this new molecule, which they named 
buckminsterfullerene, in honor of the architect (Figure 7). But a bold claim 
requires strong proof. Soon research groups around the world were looking 
for ways to discount the results. One team suggested that the appearance of 
Cáo was merely an artifact of the equipment. In such a case, it wouldn”t matter 
how many times the experiment was repeated, because the procedure was 
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C¿: Buckminsterfullerene 
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flawed. Measuring your weight on a broken scale is a good example of a 
flawed procedure—no matter how many times you step on the scale, the 
weight you measure will be wrong every time. 


Perform Experiments Hlow could Kroto, Smalley, and Curl prove their 
structure was correct? A traditional way of figuring out the structure of a 
molecule is to zap it with a lot of energy, causing the molecule to break 
apart. By studying the fragments, scientists can figure out the original 
structure—much as an engineer might be able to fgure out the structure 
of a collapsed bridge by looking at the remains. They used this procedure, 
and the results were consistent with their soccer ball structure, which they 
called the buckuball. 


Ask Specifc Questons Assuming their structure was correct, the team 
should have been able to produce a visible amount of the material. This would 
allow them to make spectral measurements to further prove the structure and 
to see If it was related to interstellar dust. But if it was an unknown material, 
there would be no established procedures for creating larger, more workable 
quantities. Kroto, Smalley, and Curl spent the next several years trying to 
produee visible amounts of buckminsterfullerene. They were unsuccessful. 


Communicate with Others  Theorists persisted by calculating what the 
spectrum of such a molecule might look like. Reports of these calculations 
caught the eyes of Don Huffman of the University of Arizona and Wolfgang 
Kratschmer of the Max Planck Institute in Germany, shown ¡in Figure 8. 


4 Figure 7 

Kroto and his colleagues published their 
identification of buckminsterfullerene in the 
widely read journal Nature, which featured 
the molecule on its cover. 


__ÑNNặ 


What is an example of a flawed 
procedure? 


4 Figure 8 

Don Huffman, left, and Wolfgang 
Kratschmer, right, as physicists were 
interested in the identity of interstellar 
dust. Though they were not trained as 
professional chemists, they understood 
chemistry well enough to produce 
large quantities of the chemical 
buckminsterfullerene. 


&@ FORYOUR 
INFORMATICON 
Because of the great potential for 
unseen error in any procedure, the 
results of a scientific experiment 
are considered valid only if they can 
be reproduced by other scientists 
working in similarly equipped 
laboratories. 


} Figure 9 

Carbon nanotubes, first developed in the 
early 1990s, provide great strength when 
embedded within lightweight materials, 
such as plastics. Nanotubes also conduct 
heat and electricity, which makes them 
applicable to a new generation of 
electronics. As a downside, ¡f inhaled, 
carbon nanotubes, much like asbestos, 
may cause certain cancers. 
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These scientists had already used strong electric currents to ignite carbon 
at star-hot temperatures. In doing so, they created a product whose spec- 
tra nicely matched the calculated spectra of buckminsterfullerene. They 
announced their procedure at a science conference and then soon pub- 
lished a paper describing the isolation of purified buckminsterfullerene, 
which formed beautiful red crystals. 


se Reflecton Findings The spectral data for buckminsterfullerene suggested 
that it was not a majJor component of interstellar dust. But here was a newly 
discovered molecule. More than that, it turned out that the buckyball was 
Just one molecule of a whole new class of molecules we now call fullerenes. 


Most notable are the fullerenes called nanotubes, which are very long rod- 
shaped molecules. Shown in Figure 9, nanotubes can be made into lightweight 
fibers that are many times stronger than any previously known material. 
Such fibers are useful in the manufacture of bulletproof clothing, reinforced 
concrete, and sports equipment. Because they conduct electricity, nanotubes 
also hold much promise in the field of electronics. They can be used for solar 
cells, electronic displays, energy storage, and even artificial muscles for robots. 
Nanotubes can also be used to remove carbon dioxide from the exhausts of 
power plants, for creating fresh water from ocean water, or potentially as a 
storage medium for hydrogen gas in hydrogen-powered vehicles. These are but 
a few of the many potential applications of fullerenes. This area in which we 
engineer materials by manipulating individual atoms or molecules is known 
as nanotechnology. 


CÔNG EPT€CHE€CK 


Kroto, Smalley, and Curl won the Nobel Prize for 

a. their identification of the composition of interstellar dust. 
b. producing buckminsterfullerene. 

c. understanding the implications of a chance discovery. 

d. All of the above 


CHECK YOUR ANSWER The answer is c: Kroto, Smalley, and Curl initially produced 
buckminsterfullerene, but only in very small quantities—an ultrasensitive mass spec- 
trometer was required to detect this new material. Their most significant achievement 
was being open and curious enough to explore their chance discovery and then to 
understand its implications. 
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3 Technology ls Applied Science 


EXPLAIN THIS 


Who generates an idea, who develops ït, and who uses it? 


Science is concerned with gathering knowledge about the natural world. 
When we apply this knowledge for practical purposes, we have what we call 
technology. Kroto, Smalley, and Curl were doïng science in their discovery of 
buckminsterfullerene, which led to the discovery of ultrastrong nanotube fibers. 
From scientific discoveries, an engineer can design new technologies. Nanotubes, 
for example, hold much promise for useful applications, as described earlier. 
New technologies, in turn, can be of assistance to scientists in conducting their 
research. The computer, for example, is technology scientists use on a daily basis. 
So technology arises from science, but technology also supports progress in 
science—the two are different from each other but very much related. 
Technology is a double-edged sword that can be both helpful and harmíful. 
'We have the technology, for example, to extract fossil fuels from the ground and 
then to burn the fossil fuels for the production of energy. Energy production 
from fossil fuels has benefited our society in countless ways. ©n the flip side, 
the burning of fossil fuels endangers the environment. lt is tempting to blame 
technology itself for problems such as pollution, resource depletion, and even 
overpopulation. These problems, however, are not the fault of technology any 
mơre than a shotgun wound is the fault of the shotgun. lt is humans who use 
the technology, and humans who must decide how to use it responsibly. 
Remarkably, we already possess the technology to solve many environ- 
mental problems. In this 21st century, we are seeing a switch from fossil fuels 
to more sustainable energy sources, such as photovoltaics, hydroelectric, wind, 
solar thermal electric generation, and biomass conversion. Whereas the paper 
on which the hard copy of this book is printed came from trees, paper wilÏ soon 
come from fast-prowing weeds, and less of even these materials will be needed 
as e-books gain popularity. In some parts of the world, progress is being made 
to stem the rapid growth of our human population, which is an issue that ageTra- 
vates almost every problem faced by humans today. We live on a finite planet, 


4 Figure 10 

Kroto, Curl, and Smalley openedl up the 
world of nanotechnology with their 
discovery of buckminsterfullerene. For 

this work they were awarded the most 
prestigious science award, the Nobel Prize. 


LEARNING OBJECTIVE 


Relate technology to the furthering 
of science and  vice versa. 


&@ FORYOUR 
INFORMATION 
Science is a way of knowing. 
Technology is a way of doing. 


HN... 


What is the promise of technology? 


FORYOUR 
&@ INFORMATION 
Pharmaceuticals provide measurable 
benefits. A recently noted risk, 
however, is that many of these 
pharmaceuticals are now ending up in 
our drinking water, lakes, and streams. 
Although their concentrations are quite 
low, they are detectable, and these 
materials are being shown to have a 
measurable effect on species living in 
the water. Conclusion: old medicines 
should be thrown in the trash and 
never flushed down the drain. Better 
yet, bring your old prescription drugs 
to your local pharmacist who will 
have the means to dispose of these 
chemicals properly. 


LEARNING OBJECTIVE 


Distinguish between scientific facts, 
hypotheses, laws, and theories. 
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and Earth“s population carrying capacity is being acknowledged. The greatest 
obstacle to solving today/s problems lies more with social inertia than with a 
lack of technology. Iechnology is our tool. What we do with this tool 1s up to us. 
The promise of technology is a cleaner and healthier world. Wise applications of 
technology can lead to a better world. 


Risk Assessment 


The numerous benefits of technology are paired with risks. When the ben- 
efifts of a technological innovation are seen to outweigh its risks, the technology 
is accepted and applied. X rays, for example, continue to be used for medical diag- 
nosis despite their potential for causing cancer. But when risks are perceived to 
outweiph the benefits, the technology tends to be used very sparingly or not at all. 

Risk can vary for different groups. Aspirin is useful for adults, but for young 
children it can cause a potentially lethal condition known as ReWes sụndrome. 
Dumping raw sewage into the local river may pose little risk for a town located 
upstream, but for towns downstream the untreated sewage is a health hazard. 
Similarly, storing radioacive wastes underpround may pose little risk for us 
today, but for future generations the risks of such storage are greater if there is 
leakage mto groundwater. Iechnologies involve different risks and benefits for 
different people, raising questions that are often hotly debated. Which medica- 
tions should be sold over the counter to the general public, and how should they 
be labeled? Should food be irradiated in order to put an end to food poisoning, 
which kills more than 5000 Americans each year? The risks to all members of 
society need to be considered when public policies are decided. 

People seem to have difficulty accepting the impossibility of zero risk. You 
cannot go to the beach without risking skin cancer, no matter how much sun- 
screen you apply. You cannot avoid radioactivity, for it occurs naturally in the 
air you breathe and the foods you eat. Science, however, can help to determine 
relative risks. As the tools of science improve, the accuracy of risk assessment 
improves. Acceptance of risk, on the other hand, is a societal issue. Zero risk is 
not possible, and a society that accepts no risks receives no benefits. 


CO NGEr DCHECK 


Does technology come from science or does science come 
from technology? 


CHECK YOUR ANSWER Both! The practical application of knowledge gained 
through science ¡is technology. In this sense, the science comes first. The tools of 
technology, however, can be used by scientists to further our understandings of nature. 
A case in point would be the telescope, which is a tool that permits us to learn about 
the stars. Science and technology are dlifferent, but they complement each other. 


4 Wwe Are Still Learning about the Natural World 


EXPLAIN THIS 
Which is more important for a scientist: critical thinking or creative thinking? 


Through science we have already learned so much about nature. That said, as 
any scientist would tell you, there is still much more that we have yet to learn. 
Science is a work in progress. The understandings we have one year wilÏ not 
necessarily be the understandings we have the next year. 
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For example, it is common to think of a fact as something unchanging and 
absolute. But in science, a fact is something agreed upon by competent observ- 
ers as being true. Interestingly, what humans accept to be factual changes over 
time as we learn new ideas. lt was once an accepted fact that the universe is 
unchanging and permanent. Today, we recognize the fact that the universe is 
expanding and evolving. 

A hypothesis is a suggested explanatơn for an observable phenomenon. 
A hypothesis becomes a scientific hypothesis when, and only when, it can be 
tested through experiments. The more tests that the scientific hypothesis passes, 
the greater the confidence we have that the hypothesis is true. However, if the 
hypothesis fails even one test, then the hypothesis is taken to be false. A new, 
more encompassing hypothesis 1s needed. 


(Œ¿ (Ó) |N]| (- |: ÍƑ 1 (S In |3 (G |< 
Which statement is a scientific hypothesis? 


1. The Moon is made of Swiss cheese. 


2. Human consciousness arises from an essence that is undetectable. 


CHECK YOUR ANSWER Both statements attempt to explain observed phenomena, 
so both are hypotheses. Only statement (1) ¡is testable, however, and therefore only 
statement (1) is a scientific hybothesis. 


lt was once believed that mass is lost as wood burns, because, clearly, ashes 
weigh less than the wood that burned. The 18th-century French chemist Antoine 
Lavoisier (1743-1794), however, was skeptical (Figure 11). lo him it appeared 
that burning wood lost mass because it was losing gases to the atmosphere. 
He went on to hypothesize that during any chemical change, such as burning, 
mass transforms from one substance to another, but it is always conserved. This 
means that the total mass before the reaction 1s equal to the total mass after the 
reaction. To test this hypothesis he conducted experiments during which burn- 
¡ng took place in a sealed chamber. He found that the chamber and its contents 
weighed the same before and after the burning. The old hypothesis didnt fit this 
observation. Lavoisier 's new hypothesis was a better alternative. 

When a hypothesis has been tested and supported by experimental data over 
and over again and has not been contradicted, it may become formally stated 
as a scientific law, or ríciple. Lavoisier's conservation of mass hypothesis was 
repeatedly confirmed over many years, so it became known as the l4:0 0ƒ 1ass 
cơnseroaHon. But remember, the goal of science is to describe the rules of nature as 
accurately as possible. Ideally, a scientific law matches perfectly with the rules of 
nature. In practice, however, our so-called “laws“ are merely our best approxima- 
tions. lf a scientifc law is eventually found to be inaccurate through reproducible 
and verifiable evidence, then the law——in order to be closer to ideal—must be 
modified or changed. In the early 20th century, for example, it was found that 
mass actually does change ever so sliphtly during a chemical reaction. The law of 
mass conservation, therefore, is not perfectly accurate. The change in mass during 
a chemical reaction, however, is exceedingly small and not easily measured. The 
law of mass conservation, therefore, still holds some practical value, which is why 
1t is still widely embraced. 

Scientists use the word fJeor/ in a way that differs from ifs tusage in everyday 
speech. In everyday speech, a theory is no different from a hypothesis—an expla- 
nafion for an observable phenomenon. A scientific theory, on the other hand, is a 
well-tested explantion that unifies a broad range of observations within the natural 
world. Physicists, for instance, speak of the feor oƒ relaHoif and use it to explain 
how we are held to Earth by gravity and how a strong gravitational field causes 


".- 


When does a hypothesis become a 
scientific hypothesis? 


^ Figure 11 
Antoine Lavoisier, shown here with his 
wife, Marie-Anne, who assisted him in 


many of his experiments, was a concerned 


citizen as well as a first-rate scientist. He 
established free schools, advocated the 
use of fire hydrants, and designed street 
lamps to make travel through urban 
neighborhoods safer at night. 
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^ Figure 12 

The tree Ayano hugs is made primarily 
from carbon dioxide and water, the very 
same chemicals Ayano releases through 
her breath. In return, the tree releases oxy- 
gen, which Ayano uses to sustain her life. 
We are one with our environment down to 
the level of atoms and molecules. 
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time to slow down. Biologists speak of the fheor/ oƒ natural selecHon and use ït to 
explain both the unity and the diversity of lfe. Chemists speak of the feory oƒ the 
afơmn and tse ït to explain how mass is seemingly conserved in a chemical reaction 
and how one material can transform into another. 

Theories are a foundation of science, but, like facts, hypotheses, and laws, 
they are not fixed. Rather, they evolve as they go through stages of redefini- 
tion and refinement so as to mirror nature as accurately as possible. Since it 
was first proposed 200 years ago, for example, the theory of the atom has been 
repeatedly refined as new evidence about atomic behavior has been gathered. 
Those who know little about science may argue that scientifc theories have 
little value because they are always being modified. Those who understand sci- 
ence, however, see it differently. Science ¡is self-correcting, and its theories grow 
stronger as they are modified. A summary of what we mean by a scientific fact, 
hypothesis, law, and theory is provided in Table 1. 

The domain of science is restricted to the observable natural world. While 
scientific methods can be used to debunk various claims, science has no way of 
verifying testimonies involving the supernatural. The term suernatural literalÌy 
means “above nature.“ Science works within nature, not above it. Likewise, 
science is unable to answer such philosophical questions as “What is the purpose 
of life?“ or such religious questions as “What is the nature of the human spirit?” 
Though these questions are valid and have great importance to us, they rely on 
subjective personal experience and do not lead to testable hypotheses. 


Why Should We Learn Science? 


Just as you canít enjoy a ball game, computer game, or party game until you 
know its rules, so it is with nature. Because science helps us learn the rules of 
nature, it also helps us appreciate nature. You may see beauty ïn a tree, but you 1l 
see more beauty in that tree when you realize that it was created from substances 
found notin the ground but primarily in the air—specifically, the carbon dioxide 
and water put into the air by respiring organisms such as yourself (Figure 12). 
Learning science builds new perspectives and is not unlike climbing a mountain. 
Each step builds on the previous step, while the view ørows evermore astound- 
ing (Figure 13). 

There are also many practical reasons for which we should become 
familiar with science. Consider what the world was like before the advent of 
scientific thinking, around the time of Galileo in the late 1500s. Since that 
time, science has revealed much about the workings of the natural universe. 
With this knowledge arose society-changing technologies. For transportation, 
wefve gone from horses to trains to cars to airplanes to spaceships. With the 
development of agriculture and advances in medicine, the human population has 
ørown from about 500 million to almost 7 billion. The materials we've developed 
provide for everything from skyscrapers to computers to the medicines that 
protect our health and prolong our lives. For better or for worse, science has 
had and will continue to have a huge impact on society. 


TABLE †1 A Summary of Scientific Terms 


Scientific Fact—An agreed upon truth about the natural world. 
Example: Wood burns. 


Scientific Hypothesis—A testable explanation for an observable phenomenon. 
Example: Wood transforms mostly to gaseous materials as it burns. 


Scientific Law——An experimentally confirmed description of the natural world. 
Example: The mass of the products of a reaction equals the mass of the reactants. 


Scientific Theory—A well-tested explanation that unifies many observations. 
Example: Matter is made of tiny particles called atoms that are not destroyed 
during a chemical transformation. 
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We are now awakening to the fact that the resources of our planet are limited. 
Should we pay no attention and consume and pollute as we wish? Should 
we abandon the understandings of nature we”ve gained through science and 
merely hope for the best? ©r should we use these understandings wisely and 
move toward living on this planet in a sustainable fashion? Are the decisions 
we now and will soon face better met with ignorance or with knowledge? 


5 _Chemistry ls lntegral to Our Lives 


EXPLAIN THIS 
How has chemistry influenced our modern lifestyles? 


When you wonder what the land, aïr, or ocean is made of, you are thinking 
about chemistry. When you wonder how a rain puddle dries up, how a car 
utilizes the energy of gasoline, or how your body acquires energy from the 
food you eat, you are again thinking about chemistry. By definition, chemistry 
1s the study of matter and the transformations it can undergo. Matter is any- 
thing that has mass and occupies space. lt is the stuff that makes up all material 
things—anything you can touch, taste, smell, see, or hear is matter. The scope 
of chemistry, therefore, is very broad. 

Chemistry 1s often described as a central science, because it touches all the 
other sciences (Figure 14). It springs from the principles of physics, and it serves 
as the foundation for the most complex science of all——biology. Indeed, many 
of the great advances in the life sciences today, such as genetic engineering, are 
applications of some very exotic chemistry. Chemistry is also the foundation 
for earth science. It is also an important component of space science. Just as we 
learned about the origin of the Moon from the chemical analysis of moon rocks 
in the early 1970s, we are now learning about the history of Mars and other 
planets from the chemical information gathered by space probes. 

Progress in science is made as scientists conduct research. Research 1s any 
activity whose purpose is the discovery of new knowledge. Many scientists 
focus on basic research, which leads us to a greater understanding of how 


4 Figure 13 

“Wow, Great Uncle Paull Are we 

like unhatched chicks, ready to 

poke through our shells to a new 
environment and new understanding 
of our place in the universe?” 


FORYOUR 
INFORMATION 
Science helps us to gain an important 


perspective—that we humans are a 
part of nature, not apart from nature. 


LEARNING OBJECTIVE 


Describe chemistry as a central 
science with an emphasis in 
applied research. 


N toinoertee 


What is the definition of chemistry? 
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(c) (d) 


FORYOUR 

INFORMATION 
Industries in the United States employ 
about 900,000 chemists. 


^ Figure 15 
The Responsible Care symbol of the 
American Chemistry Counci|. 
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4 Figure 14 

Chemistry is a foundation for many other 
disciplines. (a) Biochemists analyzing DNA profiles. 
(b) Meteorologist releasing a weather balloon to 
study the chemistry of the upper atmosphere. 

(c) Technicians conducting DNA research. 

(d) Paleontologists preparing fossilized dinosaur 
bones for transport to laboratory for chemical 
analysis. (e) Astronomer in front of observatory, 
which can be used to study the chemical nature 
Of stars. 


the natural world operates. Basic research in chemistry tells us how atoms 
combine to form molecules or how the structures of molecules can be deter- 
mined. Applied research focuses on the development of useful applications 
of the knowledge laid down by basic research. The majority of chemists choose 
applied research as their major focus. Applied research in chemistry has 
provided us with medicine, food, water, shelter, and so many of the material 
goods that characterize modern life. Just a few of the myriad of examples are 
shown in Figure 14. 

Over the course of the past century, we became very good at manipulating 
atoms and molecules to create materials to match our needs. At the same time, 
however, mistakes were made when ¡it came to caring for the environment. 
Waste products were dumped into rivers, buried in the ground, or vented 
into the air without regard for possible long-term consequences. Many people 
believed that Earth was so large that its resources were virtually unlimited and 
that it could absorb wastes without being significantly harmed. 

Most nations now recognize this as a dangerous attitude. As a result, 
ø8overnment agencies, industries, and concerned citizens are involved ¡in 
extensive efforts to take care of the environment. For example, members 
of the American Chemistry Council, who, as a group, produce 90 percent of 
the chemicals manufactured ¡in the United States, have adopted a program 
called Responsible Care. Through this program, members of this organization 
have pledged to manufacture their products without causing environmen- 
tai damage. The Responsible Care program emblem ¡is shown in Figure 185. 
Through the wise use of chemistry, waste products can be minimized, recycled, 
engineered into useful products, or rendered environmentally safe. This is an 
area of research known as Green Chertsfr1. 
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Electrical energy from 
a fossil fuel or nuclear 
power plant 


Transparent matrix of 
processed silicon 
dioxide 

Chemically disinfected Metal alloy 
drinking water 


Caffeine solution 
Roasting carbohydrates, 


Thermoset polymer fats, proteins, and vitamins 


Natural gas laced with 
odoriferous sulfur 


Prescription medicines compounds 


stored in refrigerator 
Fertilizer grown vegetables 
Chlorofluorocarbon-free 
refrigerating fluids 


^ Figure 1ó 
Most of the material items in any modern house are shaped by some human-devised chemical 
process. 


Chemistry has influenced our lives in many important ways, and it will 
continue to do so in the future Figure 16. For this reason, it is in everyone“s 
interest to become familiar with the basic concepts of chemistry. 


CÔN cCEF ICHECK 


Chemists have learned how to produce aspirin using petroleum as a starting 
material. ls this an example of basic or appliedl research? 


CHECK YOUR ANSWER This is an example of applied research, because the 
primary goal was to develop a useful commodity. However, the ability to produce 
aspirin from petroleum depended on an understanding of atoms and _molecules 
developed from many years of basic research. 


ó_Scientists Measure Physical Quantities 


EXPLAIN THIS LEARNING OBJECTIVE 


What is true about the numerator and denominator of any 


cbndereiop fseter? Convert the units of a known 
Vversi F 


physical quantity. 


Science starts with observations. When possible, ¡t is helpful to quantify obser- 
vations by taking measurements. By quantifying observations, we are able to 
make objective comparisons, share accurate information with others, or look 
for trends that might reveal some inner workings of nature. 

Scientists measure li/sical quanfifies. Some examples of physical quanti- 
ties you will be learning about and using ïn this book are length, time, mass, 
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weight, volume, energy, temperature, heat, and density. Any measurement of 
é READINGCHECK a physical quantity must always include a number followed by a unit that tells 
us not only what was measured but also the scale of the measuremert. [t would 
be meaningless, for example, to say that your dog weighs 40, because without 
a specifc unit, no one would know what that meant: 40 ounces, 40 pounds, 
40 kilograms? A dog that weighed 40 kg would be more than 35 times heavier 
than one that weighed 40 oz. Dnits such as ounces, pounds, and kilograms, 
or feet, yards, and kilometers are all units that allow us to make meaningful 
comparisons when we measure physical quantities, and they must be included 
to complete the description. 

There are two major unit systems used in the world today. One is the 
Dnited States Customary 5ystem (USCS, formerly called the British System 
of Dnits), used in the United States, primarily for nonscientific purposes.* The 
other is the Système International (SI), which is used in most other nations. 
This system 1s also known as the International System of Units or as the metric 
system. The orderliness of this system makes it useful for scientific work, and 
it 1s used by scientists all over the world, including those in the Ủnited States. 
(And the International System is beginning to be used for nonscientific work 
in the United States, as Figure 17 shows.) This book uses the SĨ units øgiven in 
Table 2. On occasion, USCS units are also used to help you make compari- 
sons. One major advantage of the metric system is that it uses a decimal system, 
which means all units are related to the next smaller or larger units by a factor 


Any measurement of a physical quantity 
must always include two things. What 
are they? 


^ Figure 17 of 10. Some of the more commonly used prefixes, along with their decimal 
The metric system is finally making equivalents, are shown in Table 3. From this table, you can see that 1 kilometer 
some headway in the United States, 1s equal to 1000 meters, where the prefix kio- indicates 1000. Likewise, 1 milli- 
where various commercial goods, sụch mneter is equal to 0.001 meter, where the prefix #i;- indicates 1/1000. You need 


as Evan“s favorite soda, are now sold in 


: nh not memorize this table, but you will find it a useful reference when you come 
metric quantities. 


across these prefixes in your course of study. 


TABLE 2 Metric Units for Physical Quantities and Their USCS Equivalents 
PHYSICAL OUANTITY METRIC UNIT ABBREVIATION USCS EOUIVALENT 


length kilometer 1 km = 0.621 miles (mi) 
meter 1m = 3.285 feet (ft) 
centimeter 1 cm = 0.3937 inches (in.) 
1¡in. = 2.54 cm 
millimeter none commonly used 
second second also used in USCS 
kilogram 1 kg = 2.205 poungd:s (|b) 
gram 1g= 0.03528 ounces (oz) 
1oz = 28.345 g 

milligram none commonly used 
volume liter 1L = 1.057 quarts (qt) 
milliliter 1 mL = 0.0339 f| oz 

cubic centimeter 1 cm = 0.0339 fl oz 
energy kilojoule 1 kJ = 0.239 kilocalories (kcal) 
joule 1 J = 0.239 calories (cal) 

1 cal = 4.184 J 


temperature degree Celsius (C x 1.8) + 32 = degrees Fahrenheit, °F 
kelvin °C+ 273 =K 


*Two other countries that continue to use the USCS are Liberia and Myanmar. 
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Metric Prefixes 


DECIMAL EOUIVALENT 
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EXPONENTIAL FORM 


EXAMPLE 


†era- 
giga- 
mega- 
kilo- 
hecto- 
deka- 
no prefix 
deci- 
centi- 
milli- 
micro- 
nano- 


pico- 


1,000,000,000,000. 
1,000,000,000. 


1,000,000. 
1000. 

100. 

10. 

1. 

0.1 

0.01 

0.001 

0.000 001 
0.000 000 001 
0.000 000 000 001 


1012 
107 
106 
103 


1 terameter (Tm) — †1 trillion meters 


1 gigameter (Gm) = 1 billion meters 


1 megameter (Mm) — 1 million meters 

1 kilometer (km) —= 1 thousand meters 

1 hectometer (hm) = 1 hundred meters 

1 dekameter (dam) = ten meters 

1 meter (m) = 1 meter 

1 decimeter (dm) = 1 tenth of a meter 

1 centimeter (cm) = 1 hundredth of a meter 
1 millimeter (mm) = 1 thousandth of a meter 
1 micrometer (im) —= 1 millionth of a meter 

1 nanometer (nm) = †1 billionth of a meter 


1 picometer (pm) 1 trillionth of a meter 
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CALCULATION CORNER UNIT CONVERSION 


'Welcome to Calculation Corner! 

This text focuses on visual models and qualitative under- 
standings. As with any other science, however, chemistry 
has its quantitative aspects. In fact, it is only by the interpre- 
tation of quantitative data obtained through laboratory ex- 
periments that chemical concepts can be reliably confirmed. 
It is only natural that there are times when your concep- 
tual understanding of chemistry can be nicely reinforced by 
some simple, straightforward calculations. 

Often in chemistry, and especially in a laboratory setting, 
1t is necessary to convert from one unit to another. To 
đo so, you need only multiply the given quantity by the 
appropriate conversion factor. All conversion factors can 
be written as ratios in which the numerator and denomina- 
tor represent the equivalent quantity expressed in diferent 
units. Because any quantity divided by itself is equal to 
1, all conversion factors are equal to 1. For example, the 
following two conversion factors are both derived from the 
relationship 100 centimeters = 1 meter: 


100 centimeters _ 1 meter 


1 meter 100 centimeters 


Because all conversion factors are equal to 1, multiplying a 
quantity by a conversion factor does not change the value 
of the quantity. What does change are the units. Suppose 
you measured an item to be 60 centimeters in length. 
You can convert this measurement to meters by multiply- 
ing it by the conversion factor that allows you to cancel 
centimeters. 


EXAMPLE 

Convert 60 centimeters to meters. 

ANSWER 
äp ) (1 meter) `... 
(60 centimeters (100 : T8) .6 meter 

l † l 
quantity COnversion quantity 

1n centimeters factor 1n meters 


You can create two conversion factors for every equality. 
For example, from Table 2 we see that 1 kilometer equals 
0.621 miles. To create these two conversion factors, show 
each unit as a numerator in one conversion factor but as a 


denominator in the other conversion factor: 
1 km/0.621 mi 0.621 mi/1 km 


Multiply the quantity provided to you by the conversion 
factor of choice, which is the one that shows the original 


unit in the denominator. This way, the original unit will 
be canceled, leaving you with the desired new unit. For 
example, 


(26.2 mi) (1 km/0.621 mi) = 42.2 km 
quantity in miles  conversion factor quantity in 
kilometers 


Always be careful to write down your units. They are 
your ultimate guide, telling you what numbers go where 
and whether you are setting up the equation properly. 
Remember, you should set up a conversion factor so that 
the desired unit is always in the numerator and the unit to 
be cancelled is always in the denominator. 

Conversion factors can be combined to allow multiple 
conversions in a single equation. 


EXAMPLE 

How many pounds are there in 48 ounces? Use data from 
Tables 2 and 3. 

ANSWER 


Start by writing down the given quantity, which ¡in 
this case is 48 ounces. Multiply by a series of conversion 
factors to transform this quantity into the desired unit— 
from ounces to grams, from grams to kilograms, and then 
from kilograms to pounds: 


28.345 1k 
(48 o2( ')( 5 I =) . 
1oz 1000 g 1kg 


Of course, the above conversion could be done in a 
single step knowing that 16 ounces equals 1 pound. A 
string of conversion factors in a single equation, however, 
becomes quite useful when the direct conversion factor 
1s unknown. 


YOUR TURN 


Multiply each physical quantity by the appropriate con- 
version factor to find its numerical value in the new unit 
indicated. You will need paper, a pencil, a calculator, and 
Tables 2 and 3. 


a. 7320 grams to kilograms 
b. 235 kilograms to pounds 
c. 4585 milliliters to quarts 
đ. 100 calories to kilocalories 
e. 100 calories to joules 


The anstuers for Calculation Corners appear at the end oƑ 
the chapter. 
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Chapter ReVICW 


LEARNING OBJECTIVES 


Describe the nature of science andl the scientific method. (1) —> 


Provide an example of the scientific method in action. (2) 


Relate technology to the furthering of science and vice 
versa. (3) 


Ouestions 1-3, 19, 20, 27-31, 49 
—> Ouestions 4-ó, 32-35 


—> Ouestions 7-9, 21, 25, 2é, 3ó-39, 50 


Distinguish between scientific facts, hypotheses, laws, and 


theories. (4) 


—> Ouestions 10-12, 24, 40-44 


Describe chemistry as a central science with an emphasis in 


applied research. (5) 


Convert the units of a known physical quantity. (ó) 


SUMMARY OF TERMS 


Applied research A type of research that focuses on 
developing applications of knowledge gained through 
basic research. 

Basic research A type of research that leads us to a greater 
understanding of how the natural world operates. 

Chemistry The study of matter and the transformations it 
can undergo. 

Fact Something agreed upon by competent observers as 
being true. 

Matter Anything that has mass and occupies space. 


Nanotechnology An area where we engineer materials 
by manipulating individual atoms or molecules. 


(KNOWLEDGE) 


—> Ouestions 13-15, 45, 4é 
— Ouestions 1é—-18, 22, 23, 47, 48 


Science A body of knowledge built from observations, 
common sense, rational thinking, experimentation, 
and (sometimes) brilliant insights. 


Scientific hypothesis A testable explanation for an observable 
phenomenon. 

Scientific law An experimentally confirmed description of the 
natural world. Also known as a Øriciple. 


Scientific theory A well-tested explanation that unifies a 
broad range of observations within the natural world. 


READING CHECK OUESTIONS (COMPREHENSION) 


1 Science ls a Way of Understanding the Natural 
World 


1. What would have to be done to refute Aristotle's hypoth- 
esis that heavier objects fall faster? 


2. Are experiments better at proving ideas right or proving 
them wrong? 


3. According to Figure 3, what is usually the first step to 
conducting scientific research? 


2 The Discovery of the Buckyball 


4. What did Kroto, Smalley, and Curl use to heat carbon to 
star-hot temperatures? 


5. How many carbon atoms are there in a buckyball? 


ó. Who were the first to isolate large quantities of purified 
buckminsterfullerene? 


3 Technology ls Applied Science 
7. What is technology? 


8. What issue aggravates almost every problem faced by 
humans today? 


9. Are medical X rays used because they carry zero risks? 


4 We Are Still Learning about the Natural World 


10. Is it possible for a fact to change? 


11. What do we call a suggested explanation for an 
observable phenomenon? 


12. Which works to unify a broad range of observations: a 
scientific hypothesis or a scientific theory? 


5 Chemistry ls Integral to Our Lives 


13. Why is chemistry often called the central science? 
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14. What is the difference between basic research and 
applied research? 

15. What pledge has been made by members of the 
American Chemistry Council through the Responsible 
Care program? 


CONFIRM THE CHEMISTRY 


19. Eil a glass with water. Place a card on top of the glass. 
Holding the card in place, turn the glass upside down. 
While holding the upside-down glass, predict what will 
happen when you let go of the card. What happens when 
you tilt the glass sideways? 


THINK AND SOLVE 


21. We can define a “risk/benefit” ratio as the amount of risk 
taken divided by the amount of potential benefit: 
Tisk 
benefit 


risk benefit ratio = 


Tf the risks are equal to the benefits, then the risk/benefit 
ratio equals one. If an activity offered you a risk/benefit 
ratio o£ 100, would you take it? How about if the 


THINK AND COMPARE (ANALYSIS) 
24. Rank the following in order of believability: 

a. Scientific theory 

b. Hypothesis 

c. Scientific hypothesis 


For questions 25-26, rank the activities in order of lowest (least 
risky) to highest (most risky) risk/benefit ratio. Discuss your 
rankings with others. 


25. A teenager travels 500 miles in 


a. a commercial airline. 


THINK AND EXPLAIN (sYNTHESIS) 


1.1 Science ls a Way of Understanding the 
Natural World 


27. What sort of explanations are given by science? 


28. How might you come to the conclusion that the Earth 
revolves around the Sun? 
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ó Scientists Measure Physical Quantities 


1ó. What are the two major systems of measurement used in 
the world today? 


17. Why are prefixes used in the metric system? 


18. A millipgram is equal to how many grams? 


(HANDS-ON APPLICATION) 


20. Poke a small hole in the bottom of an aluminum can. 
Hold your finger over the hole and fill the can with water. 
Remove your finger from the hole and, of course, water 
comes out in a downward stream. Now predict whether 
water will still come out of the can through the hole while 
the can falls to the ground. Try it and see. To avoid a mess, 
drop the can into a bucket. 


(MATHEMATICAL APPLICATION) 


risk/benefit ratio was 0.017? Is the risk benefit ratio of 
buyïng a lottery ticket large or small? 


22. Using conversion factors, calculate the age of someone 
who is exactly 25 years old in units of months. How many 
days is this? (Assume 1 year = 365 days.) 

23. Using conversion factors, show that there are about 63 
billion seconds in 2000 years. (Assume 1 year = 365 days.) 


b. his or her own car while talking on a cell phone. 
c. his or her own car while not talking on a cell phone. 


26. A sick person with a prescription from his or her medical 
đoctor purchases 


a. brand name prescription medicine. 
b. generic prescription medicine. 


c. cheaper nonprescription herbal remedies. 


29. Of the scientific activities listed in Figure 3, which do you 
think would be the top two activities undertaken by older, 
well-seasoned scientists? How about a younger, less-sea- 
soned scientist? 
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30. Of the scientific activities listed in Figure 3, which is likely 
the most time consuming? 


31. During which of the scientific activities listed in Figure 3 
does the scientist come up with a hypothesis? 


2 The Discovery of the Buckyball 


32. Why is reproducibility such a vital component of science? 


33. Some politicians take pride in maintaining a particular 
point of view. They think that changing their point of 
view would be seen as a sign of weakness. How 1s 
changing one”s view considered in science? 


34. How might the demand for reproducibility in science 


have the long-run effect of compelling honesty? 

'Why weren't Don Huffman and Wolfgang Kratschmer 
included in the Nobel Prize for the discovery of 
buckminsterfullerene? 


35. 


3 Technology ls Applied Science 


3ó. What technologies tend to be hotly debated? Name some 
examples. 


In the 1950s both the Ủnited States and the Soviet Ủnion 
conducted numerous above-ground tests of nuclear 
bombs. What were some of the risks and benefits of these 
nuclear tests? Comment on the fact that the full risks of a 
technology are not always immediately apparent. 


S/b 


38. A scientific paper published in the late 1990s suggested 
that certain vaccines were responsible for increased rates 

of autism. Peer review found that the author falsified 
evidence. The paper was retracted and the author lost his 
medical license. To this day, however, many parents refuse 
to vaccinate their children due to this discounted research. 
As a consequence, the rates of preventable diseases, such as 
whooping couph, have risen. Why is it so difficult for many 
of us to distinguish between perceived and actual risk? 


39. Why are the benefits of vaccination difficult to perceive? 


THINK AND DISCUSS (EVALUATION) 


49. There are nine activitles listed over the circumference of 
the wheel of inquiry in Eigure 3. Which is most commonly 
employeđd? Explain your reasoning with others. 


50. Medicines, such as pain relievers and antidepressants, 
are being found in the drinking water supplies of many 


4 We Are Still Learning about the Natural World 


40. Which of the following are scientific hypotheses? 
a. Stars are made of the lost teeth of children. 
.‹ _Albert Einstein was the greatest scientist ever. 
. The planet Mars is coated with cotton candy. 


b 

lu 

d. Tides are caused by the Moon. 

e. You were Abraham Lincoln in a past life. 
{ 


. A human remains self-aware while sleeping. 
41. What kinds of questions is science unable to answer? 


42. In response to the question “When a plant øgrows, 
where does the material come from?“ the ancient Greek 
philosopher Aristotle (384-322 s.c.) hypothesized that 
all material came from the soïl. What experiment might 


be performed to test this hypothesis? 


43. What happens to a scientific theory that cannot be 


adequately modified in the face of contradictory evidence? 
44. Chemically speaking, how is your breath connected 


to paper? 


5 Chemistry ls Integral to Our Lives 


45. Of physics, chemistry, and biology, which is the most 
fundamental science and why? 


4ó. Why might biology be considered a more complex science 
than chemistry? 


ó Scientists Measure Physical Quantities 


47. A major advantage of the metric system is that it uses 
the easy to work with decimal system. What is the major 
advantage of using the Ủnited States Customary 5ystem? 


48. Examine Table 3 carefully. What is the relationship 
between the number of zeros in the decimal equivalent 


and its exponential form? 


municipalities. How did these medicines get there? Does 
1t matter that they are there? Should something be done 
about it? If so, what? 


READINESS ASSURANCE TEST (RAT) 


]Ƒ uou haue a good handle ơn this chapter, then you should be able to 
score at leqst 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistr.com. Iƒ you score less tham 7, you need 
to stidU ƒurther beƒ0re m00ïng 0n. 


Choose the BEST answer to the following. 


†1. Scientific thinking began when 


a. people began to communicate their explanations of 
the natural world to others. 


b. ancient Greek thinkers began pondering 
philosophical questions. 
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c. mysterious forces were proposed to explain the 


d 


creation of Earth. 


. people became skeptical of their explanations and 
turned to experimentation. 


2. Kroto, Smalley, and Curl điscovered 


a. 
b. 


€. 


that điamond can be transformed into graphite. 
a third form of the element carbon. 


that star-hot temperatures can be produced in the 
laboratory. 


d. the mathematical structure of the soccer ball. 


e. 


Two of the above 


3. A flawed procedure is 


a. 


reproducible. 


b. best revealed by repeating the same experiment 


d. 
e. 


4. The first people to produce and isolate large quantities of 


several times. 


.„ .a procedure by which you dont get the results you 


were hoping for. 
usually the result of insufficient planning. 
AII of the above 


purified buckminsterfullerene were professional 


a. 


b 


€. 


d 


e 


mathematicians. 

. physicists. 
chemists. 

- biologists. 


- None of the above 


5. Technology 


a. 


® on ơ 


arises from the application of science. 
.- ørows parallel to science. 
poses both risks and benefits. 
. 1s not the same thing as science. 
. All of the above 


ó. A scientific hypothesis 1s a 


a. restatement of a natural phenomenon. 


b 


. well-tested theory that has been shown to be valid. 


c. testable assumption. 


d. prediction of what will happen in a certain situation. 
e. test designed to limit possible conclusions. 

7. Which of the following statements about science is false? 
a. Science deals with testable hypotheses. 


b. An experiment can be used to prove that a hypoth- 
©SiS 1S COTT€CI. 


c. Science deals with observations and experimentation. 


d. Scientists understand that natural phenomenon have 
natural explanations. 


e. Experiments do not always go as planned. 


8. A light bulb stops working in your kitchen. You suspect 
that either the light bulb is burned out or the circuit breaker 
1s tripped. Your suspicion is an example of a scientific 

a. fact. 

b. hypothesis. 

c. law. 

d. theory. 

e. None of the above 


9. How might the demand for reproducibility in science have 
the long-run effect of compelling honesty? 

a. Any false claims are eventually uncovered. Scientists, 
therefore, stand to gain most from reporting their 
results truthfully. 

b. A scientist who has knowingly falsified any bit of 
evidence runs the risk of losing credibility for all his 
or her life's work. 

c. Science is about discovering the rules of nature. A 
scientist who creates his or her own rules through 
đishonesty, which may not be reproducible in other 
laboratories, is not truly doïng science. 

d. All of the above are true. 

10. How many conversion factors can be made out of a single 
equality? 

a. None 

b. One 

c. IWwo 

d. More than two 


ANSWERS TO CALCULATION CORNERS (UNIT CONVERSION) 


on ơ”%® 


. 7.32 kg 
. 518]b 


4.846 qt 


. 0.1 kcal 
. 400] 


Perhaps you are wondering about how many digits to include in 


yOUr an: 
to (©) 1S 
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swers. Were you perplexed, for example, that the answer 
400 ]J and not 418.4 J? There are specific procedures to 


follow in figuring which digits from your calculator to write 
down. The digits you are supposed to write down are called 
sienificant fiqures. See Appendix: Significant Figures for a full 
discussion, for those of you looking for a little more quantitative 
depth, which is certainly often needed when performing experi- 
ments in the laboratory. 
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© 
Confextual ChemniStrV 
2 SPO TLIGHT ON ISSUES EACING CUR MOI)ERN SOCIETY 


Global Climate Change 


here are numerous ¡issues 

ị relating to science and soci- 

ety. “Contextual Chemistry” is 

a special feature that highlights these 

issues and prods you to consider 

implications. These features can also 

serve as a centerpiece for opinion- 

ated yet respectful discussions with 
your classmates and others. 

Certain atmospheric gases trap 
solar heat through a process called 
the greenhouse effect. These “green- 
house gases” act like blankets to keeb 
our planet warm—if not for these 
gases our planet would be a chỉilly 
-18°C. The most significant green- 
house gas is water vapor. Because of 
the water cycle—the constant move- 
ment of water between the oceans, 
air, and land the amount of water 
vapor worldwide remains fairly con- 
stant. Changes occur only in resbponse 
to changes in the average global 
temperature—greater warmth means 
more water vapor, while cooler tem- 
peratures mean less. 

Next in significance is carbon diox- 
ide, CO:. Direct and indirect mea- 
surements show a steady increase in 
atmospheric CO; levels since humans 
began large scale burning of carbon- 
based fuels starting with the indus- 
trial revolution in the early 1800s. 
Atmospheric CO., however, has not 
been rising as fast as one might 
expect, given the amount of CO, 
emitted by human activities. Thus, 
scientists estimate that about half of 
the CO; we produce is absorbed by 
the oceans as well as by vegetation, 
which uses carbon dioxide in photo- 
synthesis. 

Because CO, ¡is a potent green- 
house gas, one would expect that 
increasing levels ¡in the atmosphere 
would result in an increase in the 
average global temperature. This, 
in turn, would alter the many climate 
systems around our planet. Some 
areas, for example, would become 


wetter, while others might experi- 
ence a greater number of droughts. 
This alone would introduce signif- 
icant challenges to communities. 
Most feared, however, is “runaway” 
climate change. In such a scenario, 
changes in the global climate would 
stimulate an acceleration of further 
changes in what ¡is called a “posi- 
tive feedback loop.“ For example, 
as temperatures get warmer, more 
water vapor enters the atmosphere. 
Because water vapor is a greenhouse 
gas, the global temperatures would 
rise further leading to even more 
water vapor going into the atmo- 
sphere and hence even warmer tem- 
peratures, and so on. Under such a 
scenario, land-locked ice caps would 
be expected to melt. This would 
raise the sea level by many meters 
inundating all coastlines and the 
billions of people who live there— 
a disaster of epic proportions. 
These are the fears. But are these 
†ears founded upon reliable evidence? 
How certain are scientists that human 
CO; output is inducing increases in 


global temperatures? And are mod- 
ern temperatures actually increasing? 
Are the chances of runaway climate 
change significant enough to warrant 
a reworking of our energy infrastruc- 
ture? These are important and legiti- 
mate questions now being asked by 
the general public, which includes 
corporate executives as well as our 
political leaders. 

There is often, however, a discon- 
nect between what scientists are 
willing to say and what the general 
public wants to hear. The scien- 
tist may be asked for a definitive 
statement, such as “Human-induced 
global climate change is a problem.” 
But the scientist knows he or she can 
do no better than to speak in terms 
estimated probability and that even 
facts are subject to interpretation. 

Consider how physical data reveal 
a direct relationship between levels of 
atmospheric CO; and global tempera- 
tures over the past 400,000 years (see 
the accompanying graph). For some, 
this settles the direct relationship 


^. The potential effects of global warming are uncertain. Many different scenarios are possible. 
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Confextual ChemìiSfrV (continued) 


^ Levels of atmospheric carbon dioxide and global temperatures appear to be closely related to each other. 


between atmospheric CO, and global 
temperatures as a fact. Others wil 
look deeper to note that past temper- 
atures reliably go up some ó00 years 
before CO, levels go up. To them it 
may become a fact that increasing 
CO; does not cause global warming. 
But CO; doesn't have to be the cause. 
Rather, once warming starts, the 
oceans begin to release more CO, 
whích ¡is a potent greenhouse gas, 
thus creating a significant warming 
positive feedback loop. Then again, it 
could be emphasized that increased 
water vapor—not the CO,—acts as 
the most significant feedback propa- 
gator. However, more water vapor in 
the atmosphere also leads to greater 
cloud cover, which has a cooling 
effect. And so the investigation would 
continue from one point/counterpoint 
to the next. To the scientist, the worlc 
is anything but black and white. They 
understand the value of slow and  care- 
ful deliberations as well as the need 
for evidence that ¡is quantifiable, not 
anecdotal. Further, they understand 
the value of having their conclusions 
subject to the scrutiny of peer review. 

For people seeking firm black or 
white conclusions, however, con- 
sider how easy it would be to stop 
and focus upon a single interpreta- 
tiòn of data that best aligns with 
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ones personal worldview. For exam- 
ple, what conclusions might an oil 
executive be willing to accebpt com- 
pared to the president of a smaill 
island nation whose highest eleva- 
tion ¡is 10 meters above sea level? 
CObjectivity ¡s dificult to achieve, 
even for scientists. But what sepa- 
rates the scientist is his or her objec- 
tivity-driven scientific method. 

Through the study of chemis- 
try you will become equipped 
to understand many aspects of cli- 
mate science. Water, for example, 
has an amazing ability to absorb 
heat because of the way in which 
atoms within each water molecule 
are bonded. Also, carbon dioxide is 
more than just a greenhouse gas—it 
also reacts with water to form car- 
bonic acid, which lowers the pH 
of our alkaline oceans . Fossil fuels 
are valuable to us because they are 
so energy rich . Alternative energy 
sources, however, offer many advan- 
tages . 

Climate science is not politics—it 
is a science. Yet climate science is 
now revealing potential dire conse- 
quences, such as rising sea levels. 
What we need, more than ever, is 
an open-minded  dialogue between 
science and society. Your efforts 
to learn some chemistry is a very 


positive steb in that direction. 


CONCEPTCHECK 
Snow and ice reflect solar radiation, 
which helps to cool the Earth. Land 
is good at absorbing solar energy, 
which helps to warm the Earth. lf 
Earth's snow and ice started melt- 
ing, would this favor global warm- 
ing or global cooling? How so? 


CHECK YOUR ANSWER As snow 
and ice melt, this exposes the land, 
which in absorbing solar energy 
increases the temperature. This, in 
turn, would cause more snow and 
ice to melt, leading to even higher 
temperatures. This is an example 
of a positive feedback loop that 
would favor global warming. 


Think and Discuss 


1. 


What ¡s the difference between 
“climate” and “weather” and 
which is easier to predict? 


Some temperature gauges used 
for measuring global tempera- 
tures can be foundin urban areas 
where they are affected by 
surrounding heat sources. Why 
would moving such a gauge to a 
more rural setting be a bad idea? 


Two systems of regulating 
CO; emissions are the carbon 
tax and the emissions trading 
scheme (ETS), also known as 
cap and trade. Search the web 
for information on both of these 
systems and discuss the pros 
and cons of each. 


As demonstrated at Plant Barry 
of Alabama Power, we have the 
working technology for the large- 
scale capture of carbon dioxide 
from fossil fuel burning power 
plants. The system works, but 
they don't turn ít on. Why not? 


Scientists tend to think quietly in 
the confines of their laboratories 
rather than out loud on a wide- 
open political platform. At what 
point should a scientist be com- 
pelled to do otherwise? Should all 
scientists be taught some political 
skills in training for their careers? 
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TABLE 4 Opposing Viewpoints of Human-lInduced Global Climate Change 


. There has been no significant global warming over the past century. 
Temperatures have actually been cooling since 1998. 


. lÝ there has been significant global warming, humans are not to blame. 
The most likely causes include changes in Earth's orbit and fluctuations in 
the Sun's energy output. 


. There is no definitive proof that humans have had a significant impact on 
global climate. Regulations on human activities, therefore, would be an 
unnecessary expense and harmful to the economy, especially for developing 
nations where energy needs are growing the fastest. 


. Alarm about global climate change is a movement whose underlying goal is 
to push forward a partisan political agenda. 


. There has been a long-term warming trend. In 1998, a powerful El Nino 
created an unusual warm spell. For only a few subsequent years the 
temperatures were cooler. 

. To a significant extent, humans are responsible primarily due to their output 
of carbon dioxide, which is a potent greenhouse gas. The evidence on this 
is extensive and has proven highly compelling to the vast majority of climate 
scientists. 


. The potential for runaway climate change is risky enough to warrant action. 
But even ¡f there is no climate change we would benefit from the develop- 
ment of green technologies in terms of new jobs, decentralizec energy 
sources, clean energy for the developing world, and good stewardship of 
the environment. 


. The denial of global climate change is a movement spearheadedl by the 
fossil fuel industry working to protect its financial interests. 


^ Climate scientists study an ice core containing ancient air captured within Greenland's ice cap. 
While there are many details of climate science that still puzzle us, there are also many details we 


understand quite well. Puzzlement in one area does not invalidate our overall successes. 
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^- Eta Carinae is a supergiant binary star system within 
our galaxy some 8000 light years away. Explosive turmoil 
is already apparent within this system, which is likely 

to supernova within the next million years. The atoms 
created within such exploding stars are ejected into the 
universe where they eventually recombine because of 
gravity to form new star systems. Amazingly, the atoms 
here on Earth are the remnants of stellar explosions from 
long ago. We are literally made of stardust. 
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The Submicroscopic World Is 
Super-Small 


Discovering the Atom 


Mass ls How Much, and Volume 
ls How Spacious 


Density ls the Ratio of Mass 
to Volume 


Eneroy ls the Mover of Matter 


Temperature ls a Measure of How 
Hot—Heat lt ls Not 


The Phase of a Material Depends 
on the Motion of lts Particles 


Gas Laws Describe the Behavior 
of Gases 


PartiClcs Of 
MaffCfr 


THE MAIN IDEA 


Matter is made of tiny particles we call atoms. 


ydrogen atoms are the lightest of all atoms, and 
H they make up more than 90 percent of the atoms 

in the known universe. Their origin goes back to 
the birth of the universe. Heavier atoms are produced in 
stars, which are massive collections of hydrogen pulled 
together by gravitational forces. The øreat pressures deep 
1n a star “s interior cause hydrogen atoms to fuse together, 
forming heavier atoms. With the exception of hydrogen, 
nearly all the atoms that occur naturally on the Earth— 
including those in your body—are the products Of stars. 
A tiny fraction of these atoms came from our own sfar, 
the Sun, but most are from stars that ran their course long 
before our solar system came into being. You are literally 
made of stardust. 

Atoms are so small that we cant see them directly. 
How then do we know they exist? How do atoms account 
for the mass of an object or its temperature? How can we 
use this idea of tiny particles called atoms to explain the 
nature of solids, liquids, and gases? 


Particles of Matter 


The Breathing Rubber the balloon. Inflate this second 
balloon to the same size of the 


Balloon first balloöon and  then tie ¡it shut. 
How good is an inflated rubber 3. Switch both balloons and then 
balloon at holding air? As it present them to some one 

deflates over time, how does the who did not see you preparing 


air escape? these balloons. Ask the person 
which balloon contains the 
PROCEDURE †ragrant material. 


1. Pour about 5 mL of water into 


ANALYZE AND CONCLUDE 
a large rubber balloon. Inflate 


the balloon to full size and then 1. Explain how the Íragrance gets 
tie the balloon so it remains . of the rubber balloon. 
inflated. 2. Silver-colored Mylar balloons 


2. Add a few drops of a fragrant : 
material, such as cinnamon oil Can you think of a reason why 


or perfume, to about 5 mL of this is so? 

water. Pour this solution into a 3. lf the fragrance-containing 
second  large balloon. lf available, balloon were heated in a 

use a dropper or a funnel to microwave oven for a few 

avoid Sillf any of this fragrant moments, would the smell be 
solution onto the outside of more or less pronounced? Why? 


+1 The Submicroscopic World Is Super-Small 


EXPLAIN THIS 


A liter of water is about how many times larger than a molecule of water? 


From afar, a sand dune appears to be made of a smooth, continuous material. 
Up close, however, the dune reveals itself to be made of tiny grains of sand. 
In a similar fashion, everything around us—no matter how smooth it may 
appear—is made of very small fundamental units you know as atoms. Atoms 
are so small, however, that a single grain of sand contains on the order of 125 
million trillion of them, which is 125,000,000,000,000,000,000. In scientific nota- 
tion, this huge number is written as 1.25 x 10”. Interestingly, the number of 
atoms ïn a single grain of sand is about a quarter of a million times greater than 
the number of grains of sand shown in the dune of Figure 1. 

As small as atoms are, there 1s much we have learned about them. We know, 
for example, that there are more than 100 different types of atoms, and we have 
arranged themin the widely recognized øerodic table. Some atoms link together to 
form larger butstillincredibly smallunits of matter called molecules. Asshownin 
Figure 1, for example, two hydrogen atoms and one oxygen atom link together to 
form a single molecule of water, which you know as HO. Water molecules are so 
small that an 8-ounce glass of water contains about a trillion trillion of them, 
which in scientific notation is 1 x 10”. 

Our world can be studied at different levels of magnification, as illustrated 
in Figure 2. At the 7zcroscopic level, matter is large enough to be seen, 
measured, or handled. A handful of sand and a glass of water are macroscopic 


stay inflated for a very long time. 


4. Might water molecules also 
be coming out of the inflated 
balloons? (Hint: Fragrance 
molecules tend to be much 
larger than water molecules.) 


5. Are air molecules also coming 
out of the inflated balloon? 
How do you know? 


LEARNING OBJECTIVE 


Describe the particulate nature 
of matter. 


"¬"-..-..-- 


Are atoms made of molecules, or are 
molecules made of atoms? 
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^ Figure † Oxygen 

š š Ỷ TT atom 
There are far more atoms in a single grain of sand or molecules within a glass of Hydrogen 
water than there are grains of sand within this towering sand dune. atoms 


Water molecule, HạO 
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samples of matter. At the ?croscop¡c level, physical structure is so fine that it can 
be seen only with a microscope. A biological cell is microscopic, as is the detail 
on a dragonfly“s wing. Below the microscopic level is the submicroscopic—the 
realm of atoms and molecules, and an important focus of chemistry. 


2 Discovering the Atom 


EXPLAIN THIS 


How is your nose able to smell a rose petal without actually touching 
the petal? 


In the 4th century 5.C., the influential Greek philosopher Aristotle described 
the composition and behavior of matter in terms of the four qualities shown in 
Figure 3: hot, cold, moist, and dry. Aristotle“s model was a remarkable achieve- 
ment for its day, and people using it in Aristotle's time found ¡it made sense. 
When pottery ¡is made, for example, wet clay changes to ceramic because the 
heat of the fire drives out the moist quality of the wet clay and replaces it with 
the dry quality of the ceramic. 

Aristotles views on the nature of matter made so much sense that less 
obvious views were difficult to accept. One alternative view was the forerunner 
Of our present-day model: matter is composed of a finite number of incredibly 
small but discrete units we call atoms. This model was advanced by several 
Greek philosophers, including Democritus (460-370 ø.C.), who coined the term 
atom from the Greek phrase a fomros, which means “not cut” or “that which is 
indivisible” (Figure 4). So compelling was Aristotle's reputation, however, that 
the atomic model would not reappear for 2000 years. 

According to Aristotle, it was theoretically possible to transform any 
substance to another substance simply by altering the relative proportions of 
the four basic qualities. This meant that, under the proper conditions, a metal 
like lead could be transformed to gold. This concept laid the foundation of 
alchemy, a field of study concerned primarily with finding potions that would 
produce gold or confer immortality. Alchemists from the time of Aristotle to 
as late as the 1600s tried in vain to convert various metals to gold. Despite the 
futility of their efforts, the alchemists learned much about the behavior of many 
chemicals and developed many tuseful laboratory techniques. 

With the advent of modern science, Aristotles views on the nature 
of matter came into question. For example, in the late 1700s the French 
chemist Antoimne Lavoisier discovered the law of mass conservation. This 
verifiable law ran counter to Aristotles idea that matter could lose or 
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“A†oms" ©f Iron 


LEARNING OBJECTIVE 


Describe the evidence for the 
particulate nature of matter. 


EARTH 


^ Figure 3 

Aristotle thought that all materials were 
made of various proportions of four 
fundamental qualities: hot, dry, cold, 

and moist. Various combinations of 

these qualities gave rise to the four basic 
elements: hot and dry gave fire, moist and 
cold gave water, hot and moist gave air, 
and dry and cold gave earth. He supposed 
that a hard substance like rock contained 
mostly the dry quality, for example, and a 
soft substance like clay contained more of 
the moist quality. 


4 Figure 4 

In his atomic model, Democritus imagined 
that atoms of iron were shapedl like 
coils—=making iron rigid, strong, and 
malleable—and that atoms of fire were 
sharp, lightweight, and yellow. 
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How did Lavoisier define an element? 


&@ FORYOUR 
INFORMATION 

To help finance his scientific projects, 
Lavoisier took part-time employment 
as a tax collector, in which position he 
introduced reforms to help ease the 
tax burden on peasants. But because 
of this employment, he was beheaded 
in 1794 during the French Revolution. 
After hearing appeals to spare 
Lavoisier“s life, the judge determined 
that “the Republic needs neither 
scientists nor chemists; the course 

of justice cannot be delayed.“ About 
18 months after Lavoisier's execution, 
the French government sent a formal 
apology to his widow, Marie-Anne. 


^ Figure 5 

John Dalton was born into a very poor 
family. Although his formal schooling 
ended at age 11, he continued to learn 
on his own and even began teaching 
others when he was only 12. His primary 
research interest was weather, which led 
him to conduct many experiments with 
gases. Soon after publishing his conclu- 
sions on the atomic nature of matter, his 
reputation as a first-rate scientist increased 
rapidly. In 1810, he was elected into 
Britain's premiere scientific organization, 
the Royal Society. 
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gain mass as its hot, dry, cold, or moist qualities changed. Lavoisier further 
hypothesized that an elemenf is any material made of a fundamental substance 
that cannot be broken down into anything else. Through experiments, he was 
able to transform water into two different substances—hydrogen and oxygen. 
According to Lavoisier, Aristotle was wrong to think of water as an element. 

Further experimental work by Lavoisier and others led the English chemist 
John Dalton (1766-1844) to reintroduce the atomic ideas of Democritus (Figure 5). 
Dalton wrote a series of postulates—claims he assumed to be true based on 
experimental evidence—some of which are as follows: 


1. Each element consists of indivisible, minute particles called atoms. 
2. Atoms can be neither created nor destroyed in chemical reactions. 
3. All atoms of a given element are identical. 

4. Atoms of đifferent elements have different masses. 


It didn't matter that these tiny atoms were too small to be seen. What did 
matter was that Dalton“s atomic model worked to explain much of what was then 
known about chemical reactions. Where alchemists using Aristotle's model failed, 
chemists using Dalton“s model succeeded——not in making gold but n being able 
to understand and control the outcome of numerous chemical reactions. 

In 1869, a Russian chemistry professor, Dmitri Mendeleev (1834-1907), 
produced a chart summarizing the properties of known elements for his students 
(Figure ó). Mendeleevs chart was unique in that it resembled a calendar. 
Elements were listed in horizontal rows in order of increasing mass. The first 
row contained the lightest elements, the second row contained the next heavi- 
est elements, and so forth. Aligning rows of elements above and below each 
other (like days of a calendar) revealed that elements within the same vertical 
column had similar properties, such as chemical reactivity. In order to achieve 
this pattern, however, he had to shift some elements left or ripght occasionally. 
This left gaps—blank spaces that could not be filled by any known element 
(Figure 7). Instead of looking on these gaps as defects, Mendeleev boldly predicted 
the existence of elements that had not yet been discovered. His predictions about 
the properties of some of those missing elements led to their discovery. 

That Mendeleev was able to predict the properties of new elements helped 
convince many scientists of the accuracy of Dalton“s atomic hypothesis, upon 
which Mendeleev“s periodic table was based. This in turn helped promote 


^ Figure ó 

Dmitri Mendeleev was a devoted and  highly effective teacher. Students adored him and would 
fill lecture halls to hear him speak about chemistry. Much of his work on the periodic table 
occurred in his spare time following his lectures. Mendeleev taught not only in the university 
classrooms but anywhere he traveled. During his journeys by train, he would travel third class 
with peasants to share his findings about agriculture. 
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Dalton“s proposed atomic nature of matter from a hypothesis to a more widely 
accepted theory. Mendeleev“s chart ultimately led to our modern periodic table. 
Since the time of Lavoisier, Dalton, and Mendeleev, our understanding of 
atoms has grown substantially. Although we have not discovered the alche- 
mists dream of immortality, we have learned how to design medicines that 
cure numerous diseases. From crude oil we can make fuels, plastics, clothing, 
and more. From the thin air we can produce fertilizer. Virtually every aspect 
of modern society has been and will continue to be affected by our ability to 
manipulate atoms to meet our needs. Of all the discoveries made by humans, 
our điscovery of the atom is arguably one of our greatest and most profound. 

Are atoms for real? Today we have the technology to capture images of 
individual atoms, as shown in Figure 8. Just as important is the fact that atoms 
and molecules can be used to explain common observations. For example, heat 
transforms moist clay into ceramic by driving off water molecules. In ice, water 
molecules are stuck together in a fixed orientation. Warmth melts the ice by help- 
ing the water molecules break away from each other. 

Consider also the Hands-On Chemistry activity at the beginning of this 
chapter, in which a fragrance is found to travel through the skin of a rubber 
balloon. We can explain how this occurs by assuming the fragrance consists 
of tiny molecules that can pass through the micropores of the inflated rubber 
balloon. Similarly, we can use the idea of molecules to explain how moisture 
can collect on a tabletop before disappearing, as shown in Figure 9, or how a 
dark-colored powdered drink mix dissolves in water with no stirring, as shown 


4 Figure 7 
An early draft of Mendeleev's 
periodic table. 


&@ FORYOUR 
INFORMATION 
Some atoms are larger than others, 
but they are all exceedingly small. 
Gold atoms, for example, are so 
small that about 4,000,000,000,000 
(4 trillion) of them could fit within the 
period at the end of this sentence. 
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^ Figure 9 

(a) Place your palms down on a cool, dark, 
and reflective table such as a slate lab 
benchtop. Water molecules exiting from 
your skin collect onto this surface. (b) Lift 
your hands to see this moisture, which 
quickly dissappears as the water molecules 
evaporate into the air. 


(a) 
^ Figure 10 
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^ Figure 8 

(a) Scanning probe microscopes are relatively simple cevices used to create submicroscopic imag- 
ery. (b) An image of gallium and arsenic atomas. (c) Each dot in the world“s tiniest map consists of a 
few thousand gold atoms, each dot moved into its proper place by a scanning probe microscope. 


in Figure 10. The explanatory powers of the atomic model are great. This, 
along with our hi-tech evidence, leads us to trust that matter is made of these 
super-small particles we call atoms. 


(67/1 0/46/1= lí JI Siln| = SẼ ,Í 


Lavoisier hypothesized that an element was a material made of a 
fundamental substance that cannot be broken down into anything 
else. According to Dalton, this fundamental substance was made of 


a. Wwater. 

b. fire. 

c. atoms. 

d. molecules. 

CHECK YOUR ANSWER The answer is (c). Dalton reintroduced the concept of 
atoms put forth by Democritus some 2000 years earlier. Unlike Democritus, however, 


Dalton assumedl that the atoms of different elements differed from each other only by 
their mass. 


(b) 


(a) Kool-Aid crystals settle to the bottom of a container of water. (b) Without stirring, the crystals begin to dissolve as they are bombarded by 
water molecules in the liquid phase. (c) The bustling movement of the water molecules eventually causes the Kool-Aid to be uniformly mixed 


with the water. 
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3 Mass ls How Much, and Volume ls How Spacious 


EXPLAIN THIS 
For a given parcel of air, which is greatest: its mass, weight, or volume? 


To describe a material object, we can quantify any number of properties, but 
perhaps the most fundamental of these is mass. Mass is the quantitative mea- 
sure of how much matter a material object contains. The greater the mass of an 
object, the greater the amount of matter in it. A gold bar that is twice as massive 
as another gold bar, for example, contains twice as many gold atoms. 

Mass 1s also a measure of an object/s 7erfia, which is the resistance the 
object has to any change in its motion. ÀA cement truck, for example, has a lot of 
mass (nertia), which is why it requires a powerful engine to get it moving and 
powerful brakes to cause it to come to a stop. 

The standard uinit of mass is the kiloeram, and a replica of the cylinder used 
to determine exactly what mass “1 kilogram“” describes is shown in Figure 11. 
An average-sized adult human male has a mass of about 70 kiloprams 
(154 pounds). For smaller quantities, we use the eram. We already know that the 
prefix kilo- means “1000,” so we see that 1000 grams is equivalent to 1 kilogram 
(1000 grams = 1 kilogram). For even smaller quantities, the #Ìl/erøn is used 
(1000 milligrams = 1 gram). 

Since mass is simply a measure of the amount of matter in a sample, which 
is a function of how many atoms the sample contains, the mass of an object 
remains the same no matter where it is located. A 1-kilopram gold bar, for 
example, has the same mass whether it is on the Earth, on the Moon, or floating 
“weightless” in space. This is because it contains the same number of atoms in 
each location. 

Weight is more complicated. By definition, weight ¡is the gravitational 
force exerted on an object by the most massive nearby body, such as Earth. The 
weight of an object, therefore, depends entirely upon its location, as is shown 
in Figure 12. On the Moon, a gold bar weighs less than ¡it does on Earth. This 
1s because the Moon is much less massive than Earth; hence, the gravitational 
force exerted by the Moon on the bar is much less. On Jupiter, the gold bar 
would weigh more than ¡it does on Earth, because of the greater gravitational 
force exerted on the bar by this very massive planet. 


w Figure 12 

(a) A 1-kilogram gold bar resting on the Earth weighs 2.2 pounds. (b) On the Moon, this same 
gold bar would weigh 0.37 pound. (c) Deep in space, far from any planet, the gold bar would 
weigh 0 pounds, though it would still have a mass of 1 kilogram. 


+ Mass = 1kg 
Weight = 0.37 lb 


LEARNING OBJECTIVE 


Distinguish between mass, weight, 
and volume. 


m-...--. 


What is mass? 


^ Figure 11 

The standard kilogram ¡is defined as the 
mass of a platinum-iridium cylinder kept 

at the International Bureau of Weights and 
Measures in Sèvres, France. The cylinder 

is removed from its very safe location only 
once a year for comparison with duplicates, 
such as the one shown here, which is housed 
at the National Institute of Standards and 
Technology in Washington, D.C. 


Mass = 1 kg 
Weight = 0 lb 


Deep in outer space 
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FORYOUR Because mass is independent of location, it ¡is customary in science to 
INFORMATION measure matter by its mass rather than its weight. This text adheres to this 
convention by representing the mass of matter in units of kilograms, grams, 


lf you counted by ones at a rate bo 
and milligrams. 


of one number each second, 
counting to a million would take 
you 11.6 days (assuming no time off 
for sleeping). How about a billion? 
ls there a dramatic difference? Get 
this: counting to a billion would 
take you 31.8 years. Counting to a 
trillion, which ¡is a thousand billions, 
would take you 31,800 yearsl Now 
you know why there are far more 
millionaires than billionaires, and yet 
no trillionaires. 


CONCEPI€CHECK 


ls there gravity on the Moon? 


CHECK YOUR ANSWER Yes, absolutely! The Moon exerts a downward gravi- 
tational pull on any body near its surface, as evidenced by the fact that astronauts 
were able to land and walk on the Moon. This NASA photograph shows an astronaut 
jumping. Without gravity, this jump would have been his last, because he would never 
have come down. 


The amount of space a material object occupies is its volume. The SĨ 
unit of volume is the /fzr, which is only slightly larger than the USCS unit of 


^. Figure 13 

The Š 18h of an object, no matter volume, the quarf. A liter is the volume of space marked off by a cube measur- 
what its shape, can be measured by its ¡ng 10 centimeters by 10 centimeters by 10 centimeters, which ¡s 1000 cubic 
displacement of water. When this rock is centimeters. A smaller unit of volume is the #!1⁄liter, which is one-thousandth 


immersed in the water, the rise in the water of a liter, or 1 cubic centimeter. 

level equals the volume of the rock, which . , : : ỳ 

hàng A convenient way to measure the volume of an irregular object is shown in 

in this example measures about 90 mL. R „ : . 
Figure 13. The volume of water displaced is equal to the volume of the object. 


4 Density ls the Ratio of Mass to Volume 


LEARNING OBJECTIVE  EXPLAIN THIS 


" Why does hot air rise? 
Calculate the density of a material. 


The relationship between an objects mass and the amount of space it occupies 

é 1s the objJect's density. Density is a measure of compactness, of how tightly mass 

READINGCHECK 1s squeezed into a given volume. A block of lead has much more mass squeezed 

info its volume than does a same-sized block of aluminum. The lead is therefore 

more dense. We think of density as the “lightness“ or “heaviness“ of objects of 
the same size, as Figure 14 shows. 

Density is the amount of mass contained ¡in a sample divided by the 

volume of the sample: 


Density is a measure of what? 


.„— TA§§ 
CSPPDT= up 
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An object having a mass of 1 gram and a volume of 1 milliliter, for example, 
has a density of 


An object having a mass of 2 grams and a volume of 1 milliliter is denser; its 
density is 
25 _ 2ð 
density = ImL mL 


Other units of mass and volume besides grams and milliliters may be used 
in calculating density. The densities of gases, for example, because they are sO 
low, are often given in grams per liter. In all cases, however, the units are a unit 
of mass divided by a unit of volume. 


CO AM CEb li CHECK 


Which occupies a greater volume: 1 kilogram of lead or 1 kilogram 
of aluminum? 


CHECK YOUR ANSWER The aluminum. Think of ít this way. Because lead is so 
dense, you need only a little bit in order to have 1 kilogram. Aluminum, by contrast, is 
far less dense, so 1 kilogram of aluminum occupies much more volume than the same 
mass of lead. 


The densities of some substances are given ¡in Table 1. Which would be 
more difficult to pick up: a liter of water or a liter of mercury? 


TABLE 1 Densities of Some Solids, Liquids, and Gases 


SUBSTANCE | DENSITY (G/ML) DENSITY (G/L) 


Solids 

osmium lZ= 22,500 
gold 19.3 19,300 
lead llEfiS 11,300 
copper | là 2 3920 
iron l2 7860 
zinc l¡ 7140 
aluminum lẺ 2m 2700 
ice 0.92 920 

Liquids 
mercury 13.ó 13,600 
seawater | 1.03 1030 
fresh water at 4°C 1.00 1000 
ethyl alcohol | 0.81 810 


Gases* 
oxygen at 0°C 0.00143 1.43 


dry air | 
0°C 0.00129 I2) 
20°C 0.00121 1021 

helium at 0°C -—_0.000178 0.178 


*All values at sea-level atmospheric pressure. 


Same-sized block 
of aluminum 


^ Figure 14 

The amount of mass in a block of lead far 
exceeds the amount of mass in a block 

of aluminum of the same size. Hence, the 
lead block weighs mụch more and is more 
difficult to lift. 


37 


^ Figure 15 

The hot air inside this hot air balloon is 
less dense than the surrounding colder air, 
which is why the balloon rises. 
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Gas densities are much more affected by pressure and temperature than are 
the densities of solids and liquids. With an increase in pressure, gas molecules 
are squeezed closer together. This makes for less volume (but the same mass) 
and therefore greater density. The density of the air inside a diver“s breathing 
tank, for example, is much greater than the density of air at normal atmospheric 
pressure. With an increase in temperature, gas molecules move faster and thus 
have a tendency to push outward, thereby occupying a greater volume. Thus, 
hot air is less dense than cold air, which is why hot air rises and the balloon in 
Figure 15 can take its passengers for a breathtaking ride. 


CO MNCEPTCHECK 


1. Which has greater density: 1 gram of water or 10 grams of water? 


2. Which has greater density: 1 gram of lead or 10 grams of aluminum? 


CHECK YOUR ANSWERS 


1. The density ¡is the same for any amount of water. Whereas 1 gram of water 
occupies a volume of 1 milliliter, 10 grams occupies a volume of 10 milliliters. The 
ratio 1 gram/1 milliliter is the same as the ratio 10 grams/10 milliliters. 


2. The lead. Density is mass per volume, and this ratio is greater for any amount of 
lead than for any amount of aluminum. 
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CALCULATION CORNER MANIPULATING AN ALGEBRAIC EOUATION 


EXAMPLE † 


A pre-1982 penny has a density of 8.92 grams per milliliter 
and a volume of 0.392 milliliters. What is its mass? 


ANSWER † 


With a little algebraic manipulation, it is easy to change 
the equation for density around so that it can be solved for 
either mass or volume. The first step is to multiply both 
sides of the density equation by volume. Then canceling 
the volumes thatappear in the numerator and denominator 


results in the equation for the mass of an object. 
DxV=M=8.92g/mL x 0.392mL = 3.50g 
massS 


volurne 


density X volume = mass 


density X volume = x volumne 


EXAMPLE 2 


A post-1982 penny has a density of 7.40 grams per milHHi- 


Ác 2 
Dividing both sides of the preceding equation by density tẾT A10) 3 700465 01220 pHAH1S. VV hất 16 16 VOILUUIC? 


results in an equation for the volume of on object. 


mass 
—— X volume = : 
density 
mass 
volume = : 
density 


Insummary, the three equations expressing the relationship 
among đensity, mass, and volume are 


Density Mass Volume 
M M 
D=—C M=DxV V=_— 
V D 


A good way to remember these relationships is to use the 
following diagram. se your finger to cover the quantity 
you want to know, and that quantity“s relationship to the 
other quantities is revealed. For example, covering the MĨ 
shows that mass is equal to density times volume, D X V. 


/ 


ANSWER 2 


M 2.90g 
V D— 740g/mL 0.392mL 


YOUR TURN 


1. What is the average density of a loaf of bread that has 
a mass of 500 grams and a volume o£ 1000 milliliters? 


2. The loaf of bread in the previous problem loses all its 
moisture after being toasted. Its volume remains at 
1000 milliliters, but its density has been reduced to 
0.4 grams per milliliter. What is its new mass? 


3.A sack of groceries accidentally set on a 500-pram loaf 
of white bread increases the average density of the 
loaf to 5 grams per milliliter. What is its new volume? 
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5 _Energy ls the Mover of Matter 


EXPLAIN THIS 


How does a wooden arrow lying on the ground have potential energy? 


Matter is substance, and energy is that which can move substance. The concept 
Of energy is abstract and therefore not as easy to define as the concepts of mass 
and volume. One definition of energy is the capacity to do work. If something 
has energy, it can do work on something else—it can exert a force and move 
that something else. Accordingly, energy is not something we observe directly. 
Rather, we only witness its effects. 

An object may store energy by virtue of its position. This stored energy 
is called potential energy because it has the “potential” for doïng work. As 
shown in Figure 16, a boulder perched on the edge of a cliff has potential energy 
due to the force of gravity, just as the poised arrow has potential energy due 
to the tension of the bow. The potential energy of an object increases as the 
distance over which the force is able to act increases. The higher a boulder is 
positioned above level pround, the more potential energy it has to do work as 
it falls downward unđer the pull of gravity. Similarly, an arrow ïn a fully drawn 
bow has more potential energy than does one in a half-drawn bow. 

Kinetic energy ¡s the energy of motion. Both a falling boulder and a flying 
arrow have kinetic energy. The faster a body moves, the more kinetic energy 
it has and therefore the more work it can do. For example, the faster an arrow 
flies, the more work it can đo to a target, as evidenced by its deeper penetration. 


CÔNG EPITCHECXK 


How does a flying arrow have potential energy as well as kinetic energy? 


CHECK YOUR ANSWER Ithas gravitational potential energy as long as it remains 
above the ground. 


Substances possess what is known as chernical potential enere, which is the 
energy that is stored within atoms and molecules. For example, any material 
that can burn has chemical potential energy. The firecracker in Figure 17, for 
instance, has chemical potential energy. This energy gets released when the 


} Figure 17 

A firecracker is a mixture of solids that possess 
chemical potential energy. When a firecracker 
explodes, the solids react to form gases that fly 
outward and so possess a great deal of kinetic 
energy. Light and heat (both of which are forms 
of energy) are also formed. 


LEARNING OBJECTIVE 


Differentiate between potential and 
kinetic energy. 


lễ gEaaiteeiee 


lf something has energy, what can it do? 


(a) 


^ Figure 1ó 

(a) An elevated boulder's potential energy 
becomes apparent when the boulder 

is perched in a position where it might 
easily fall downhill. When it does fall, this 
potential energy is converted to kinetic 
energy. (b) Much of the potential energy 
in Tenny's drawn bow will be converted 
to the kinetic energy of the arrow upon 
its release. 
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) Figure 18 mm a—Y vn 

rton ===ẽnh 
The energy S6Tr!cTf of this candy bar Facts TL UNE KT LCLIRE sận 
(230 Calories = 230,000 calories), when SeamoSziB ŠmTH2g — đẾu DemyFbeig ẩ% - 11 
released through burning, is enough to €alories 222 LTLT] S220 54A 
heat up 230,000 grams (about 507 pounds) Z1 bo — =LL MB Protein 2 ị 
of water by 1 degree Celsius. "222 EEOAG “———— ——— ø 242400ÏÏ s 


CAILL T0LL-FREE WEEK 


firecracker is ignited. During the explosion, some of the chemical potential 
energy is transformed to the kinetic energy of flying particles. Much of the 
chemical potential energy is also transformed to light and heat. 

The SI unit of energy is the /owle, which is about the amount of energy released 
from a candle burning for only a momert. In the United States, a common unit of 
energy is the calorie. One calorie is by definition the amount of energy required 
to raise the temperature of 1 gram of water by 1 degree Celsius. One calorie is 
4.184 times larger than 1 joule. Put differently, 4.184 joules of energy is equivalent 
to 1 calorie (4.184 joules = 1 calorie). So a joule is about one-fourth of a calorie. 

In the United States, the energy content of food is measured by the Calorie 
(note the capital C). One Calorie equals 1 kilocalorie, which ¡s 1000 calories (note 
the small c). The candy bar in Figure 18 offers 230 Calories (230 kilocalories), 
providing a total of 230,000 calories to the consumer. 


ó Temperature lsa Measure of How Hot—Heat lt ls Not 


LEARNING OBJECTIVE EXPLAIN THIS 


Are our bodies better at detecting heat or temperature? 


Distinguish between heat and 
t†emperature. 


The atoms and molecules that form matter are in constant motion, jiggling to 
and fro or bouncing from one position to another. By virtue of their motion, these 
particles possess kinetic energy. Their average kinetic energy is directly related to 
a property you can sense: how hot something ¡s. Whenever something becomes 
warmer, the kinetic energy of its submicroscopic particles increases. For example, 
strike a penny with a hammer and the penny becomes warm because the ham- 
mer“s blow causes its atoms to jostle faster, increasing their kinetic energy. (The 
hammer becomes warm for the same reason.) Put a flame to a liquid and the liquid 
becomes warmer because the energy of the flame causes the particles of the liquid 
to move faster, increasing their kinetic energy. For example, the molecules in the 
hot coffee in Figure 19 are moving faster on average than those in the cold coffee. 
Temperature tells us how warm or cold an object is relative to some 
standard. We express temperature by a number that corresponds to the degree of 
hotness on some chosen scale. Just touching an object certainly isn/t a good way 
. Of measuring its temperature, as Figure 20 illustrates. To measure temperature, 
^ Figure 19 : 
The diislepeeiysuad baeattsesand therefore, we take advantage of the fact that nearly all materials expand when 
cold coffee is the average speed of the their temperature is raised and contract when it ¡is lowered. With increasing 
molecules. In the hot coffee, the molecules temperature, the particles move faster and are on average farther apart—the 
are moving faster on average than theyare  material expands. With decreasing temperature, the particles move more sÏowly 
¡n the cold coffee. (The “motion trails” on and are on average closer together—the material contracts. A thermometer 
the molecules of hot coffee indicate their l l P W2 . 
liolier'søead exploits this characteristic of matter, measuring temperature by means of the 
expansion and contraction of a liquid, usually mercury or colored alcohol. 
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C CÔN CEPETCGHECK 


You may have noticed telephone wires sagging on a hot day. This 
happens because the wires are longer in hot weather than in cold. What is 
happening on the atomic level to cause such changes in wire length? 


CHECK YOUR ANSWER On a hot day, the atoms in the wire are moving faster, 
and as a result the wire expands. On a cold day, those same atoms are moving more 
slowly, which causes the wire to contract. 


The most common thermometer in the world ¡is the Celsius thermometer, 
named ¡in honor of the Swedish astronomer Anders Celsius (1701-1744), who 
first supggested the scale of 100 degrees between the freezing point and boiling 
poimt of fresh water. In a Celsius thermometer, the number 0Ú is assigned to 
the temperature at which pure water freezes and the number 100 is assipned 
to the temperature at which ¡it boils (at standard atmospheric pressure), with 
100 equal divisions called đeerees between these two points. 

In the Ủnited States, we use the Fahrenheit thermometer, named after its 
Ooriginator, the German scientist G. D. Fahrenheit (1686-1736), who chose to 
assign 0 to the temperature of a mixture containing equal weights of snow and 
common salt and to assign 100 to the body temperature of a human. Because 
these reference points are not dependable, the Fahrenheit scale has since been 
modified such that the freezing point of pure water is designated 32°E and the 
boiling point of pure water ¡is designated 212°F. ©n this recalibrated scale, the 
average human body temperature taken orally is around 98.2°E. 

A temperature scale favored by scientists is the Kelvin scale, named after the 
British physicist Lord Kelvin (1824-1907). This scale ¡is calibrated not in terms 
of the freezing and boiling points of water but rather in terms of the motion 
of atoms and molecules. On the Kelvin scale, zero ¡is the temperature at which 
there is no atomic or molecular motion. This is a theoretical limit called absolute 
zero, which ¡is the temperature at which the particles of a substance have abso- 
lutely no kinetic energy to give up. Absolute zero corresponds to -459.7°F on 
the Fahrenheit scale and to -273.15°C on the Celsius scale. On the Kelvin scale, 
this temperature is simply 0 K, which is read “zero kelvin“” or “zero K.“ Marks 
on the Kelvin scale are the same distance apart as those on the Celsius scale, so 
the temperature of freezing water is 273 kelvin. (Note that the word đegree 1s 
not used with the Kelvin scale. To say “273 degrees kelvin” is incorrect. To say 
“273 kelvin” 1s correct.) The three scales are compared in Figure 21. 

Ït is important to understand that temperature is a measure of the đ0erage 
amount of energy in a substance, not the fofzl amount of energy, as Figure 22 
shows. The total energy in a swimming pool full of boiling water is múch more 
than the total energy in a cupful of boiling water even though both are at the 
same temperature. Your utility bill after heating the swimming pool water to 


(Wamm})o, 


^ Figure 20 

Can we trust our sense of hot and 
cold? Will both fingers feel the same 
temperature when they are put in the 
warm water? Try this yourself, and you 
will see why we use a thermometer for 


an objective measuremernt. 
& FORYOUR 
INFORMATION 
Most atoms are ancient. They have 
existed through imponderable ages, 
recycling through the universe in 
innumerable forms, both nonliving 
and living. In this sense, you don”t 
“own” the atoms that make up your 
body-you are simply their present 
caretaker. There will be many 
caretakers to follow. 


NT... 


What does temperature measure? 
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} Figure 21 
Some familiar temperatures measured on 
the Fahrenheit, Celsius, and Kelvin scales. 


) Figure 22 

Bodies of water at the same temperature 
have the same average molecular kinetic 
energies. The total energy, however, 
depends upon how much water you have. 
For example, a swimming pool of water 
has much more total energy than a cupful 
of water, even when at the same tempera- 
ture. Consider what your electric bill would 
look like after heating a swimming pool full 
of water to 100°C. 


42 


Particles of Matter 


212 373.15 K==== Boiling point of 
pure water 
98.2° 310.15 K==== Normal body temperature 
Vữ 298.15 K==== Warm day 
68° 293.15 K==== Room temperature 
32 273.15 K==== Freezing point of 


pure water 


Fahrenheit, °F Celsius, °C Kelvin, K 


100°C would show this. Whereas the total amount of energy ín the pool is 
much more than in the cụp, the øøeraee molecular motion ¡s the same in both 
water samples. The water molecules in the swimming pool are moving on aver- 
age just as fast as the water molecules in the cup. The only difference is that 
the swimming pool contains more water molecules and hence a greater total 
amount of energy. 

Heat is energy that flows from a higher-temperature object to a lower- 
temperature object. If you touch a hot stove, heat enters your hand because the 
stove is at a hipher temperature than your hand. When you touch a piece of 
1ce, enerøy passes out of your hand and into the ice because the ice is at a lower 
temperature than your hand. From a human perspective, if you are absorbing 
heat, you experience warmth; if you are losing heat, you experience cooling. 
The next time you touch the hot forehead of a sick, feverish friend, ask him or 
her whether your hand feels hot or cold. Whereas temperature is absolute, hot 
and cold are relative. 

In general, the greater the temperature difference between two bodies in 
contact with each other, the greater the rate of heat flow. This is why a hot stove 
can cause much more damage to your skin than a warm stove. Because heat 1s 
a form of energy, ifs unit is the joule. 
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CO MU C 6p pc PhRBSA RE 


When you enter a swimming pool, the water may feel quite cold. After a 
while, though, your body “gets used to ít,“ and the water no longer feels 
so cold. Use the concept of heat to explain what is going on. 


CHECK YOUR ANSWER Heat flows because of a temperature difference. When 
you enter the water, your skin temperature is much higher than the water temperature. 
The result is a significant flow of heat from your body to the water, which you experi- 
ence as cold. Once you have been in the water awhile, your skin temperature is much 
closer to the water temperature (due to the cooling effects of the water and your 
body ability to conserve heat), so the flow of heat from your body is less. With less 
heat flowing from your body, the water no longer feels so cold. 


7 The Phase of a Material Depends on the Motion of lts Particles 


EXPLAIN THIS 
What is found between two adjacent molecules of a gas? 


Ơne of the most evident ways we can describe matter is by its physical form, 
which may be one of three phases (also sometimes described as physical states): 
solid, liquid, or øas. A solid material, such as a rock, occupies a constant amount 
Of space and does not readily deform upon the application of pressure. In other 
words, a solid has both a definite volume and a definite shape. A liquid also 
Occupies a constant amount of space (t has a definite volume), but its form 
changes readily (it has an indefinite shape). A liter of milk, for example, may take 
the shape of its carton or the shape of a puddle, but its volume is the same in 
both cases. A gas is diffuse, having neither a definite volume nor a definite shape. 
Any sample of gas assumes both the shape and the volume of the container 
it occupies. A given amount of aïr, for example, may assume the volume and 
shape of a toy balloon or be compressed into the volume and shape of a bicycle 
tire. Released from its container, a gas diffuses into the atmosphere, which is a 
collection of various øases held to our planet only by the force of gravity. 

Ơn the submicroscopic level, the solid, liquid, and gaseous phases are 
distinguished by the extent of interaction between the submicroscopic particles 
(the atoms or molecules). This ¡s illustrated in Figure 23. In solid matter, the 
attractions between particles are strong enough to hold all the particles together 
in some fixed 3-dimensional arrangement. The particles are able to vibrate about 
fixed positions, but they cannot move past one another. Adding heat causes 
these vibrations to increase until, at a certain temperature, the vibrations are 
rapid enough to disrupt the fixed arrangement. The particles can then slip past 
one another and tumble around much like a bunch of marbles in a bag. This kind 
Of motion is representative of the liquid phase of matter, and it is the mobility of 
the particles that gives rise to the liquid“s fluid character——its ability to flow and 
take on the shape of its container. 

Further heating causes the particles in the liquid to move so fast that the attrac- 
tions they have for one another are unable to hold them together. They then sepa- 
rate from one another, forming a gas. Moving at an average speed of 500 meters 
per second (1100 miles per hour), the particles of a gas are widely separated from 
one another. Matter in the gaseous phase therefore occupies much more volume 
than it does ím the solid or liquid phase, as Figure 24 shows. Applying pressure to a 
gas squeezes the gas particles closer together, which reduces their volume. Enough 
air for an underwater diver to breathe for many minutes, for example, can be 
squeezed (compressed) into a tank small enough to be carried on the diver s back. 


LEARNING OBJECTIVE 


Describe the particulate nature of 
three phases of matter. 
&@ FORYOUR 
INFORMATION 


Coffee and tea are decaffeinated using 
carbon dioxide in a fourth phase of 
matter known as a supercritical fluid. 
This phase, in which carbon dioxide 
has properties of both a gas and a 
liquid, is attained by adding lots of 
pressure and heat. Supercritical carbon 
dioxide is relatively easy to produce. 
To get water to form a supercritical 
fluid, however, requires pressures 

in excess of 217 atmospheres and a 
temperature of 374°C. 


"1H... --.‹ 


On a submicroscopic level, how are 
solids, liquids, and gases distinguished? 
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) Figure 23 

The familiar bulk properties of a solid, 
liquid, and gas. (a) The particles of the 
solid phase vibrate about fixed positions. 
(b) The particles of the liquid phase slip 
past one another. (c) The fast-moving 
particles of the gaseous phase are 
separated by large average distances. 


CHEMICAL 
CONNECTIONS 


How is your sense of smell 
connected to temperature? 


(Answers to Chemical 
Connections questions 

are given at the end of the 
chapter.) 


`w Figure 24 

The gaseous phase of any material 
occupies significantly more volume than 
either its solid or liquid phase. (a) Solid 
carbon dioxide (dry ice) is broken up into 
powder form. (b) The powder is funneled 
into a balloon. (c) The balloon expands as 
the contained carbon dioxide becomes a 
gas as the powder warms up. 
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(b) Liquid 


Althouph gas particles move at high speeds, the speed at which they can 
travel from one side of a room to the other is relatively slow. This is because the 
gas particles are continually hitting one another, and the path they end up taking 
1s circuitous. At home, you get a sense of how long ¡it takes for gas particles to 
rnigrate each time someone opens the oven door after baking, as Figure 25 shows. 
A shot of aromatic gas particles escapes the oven, but there ¡is a notable delay 
before the aroma reaches the nose of someone sitting ¡n the next room. 


COMCEPTCHECTXK 


Why are gases so much easier to compress into smaller volumes than 
solids and liquids? 


CHECK YOUR ANSWER Because there is a lot of sbpace between gas particles. 
The particles of a solid or liquid, on the other hand, are already close to one another, 
meaning there ¡s little room left for a further decrease in volume. 


Familiar Terms Are Úsed to Describe Phase Changes 


Figure 26 illustrates that you must either add heat to a substance or remove heat 
from it if you want to change its phase. The process by which a solid transforms 
into a liquid ¡is called melting. To visualize what happens when heat begins to 
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melt a solid, imagine that you are holding hands with a group of people and 
each of you starts Jumping around randomly. The more violently you jump, the 
more difficult it is to hold onto one another. lf everyone jumps violently enouph, 
keeping hold 1s impossible. Something like this happens to the particles of a solid 
when it is heated. As heat ¡s added to the solid, the particles vibrate more and 
mơre violently. If enough heat is added, the attractive forces between the particles 
are no longer able to hold them together. The solid melts. 

A liquid can be changed to a solid by the removal of heat. This process 1s 
called freezing. As heat is withdrawn from the liquid, particle motion dimin- 
ishes until the particles are moving slowly enough on average for the attrac- 
tive forces between them to take firm hold. The only motion the particles are 
capable of then is vibration about fixed positions, which means the liquid has 
solidified, or frozen. Ereezing is merely the reverse of melting. The temperature 
at which a substance freezes or melts is the same. For pure water, this freezing / 
melting poïnt is 0°C. 

A liquid can be heated so that it becomes a gas—a process called evaporation. 
As heat is added, the particles of the liquid acquire more kinetic energy and move 
faster. Particles at the liquid surface eventually gain enoupgh energy to fly out 
of the liquid and enter the air. In other words, they enter the gaseous phase. As 
more and more particles absorb the heat being added, they too acquire enough 
energy to escape from the liquid surface and become gas particles. Because a gas 
results from evaporation, this phase is also sometimes referred to as øapor. Water 
in the gaseous phase, for example, may be referred tO aS ¡0afer 0p0T. 

The rate at which a liquid evaporates increases with temperature. A puddle 
of water, for example, evaporates from a hot pavement more quickly than it 


Heat added b 
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4 Figure 25 

In traveling from point A to point B, the 
typical gas particle travels an indirect path 
because of numerous collisions with other 
gas particles—about 8 billion collisions 
every secondl The changes in direction 
shown here represent only a few of these 
collisions. Although the particle travels at 
very high speedks, it takes a relatively long 
time to cross between two distant points 
because of these numerous collisions. 


FORYOUR 


&@ INFORMATION 


Sublimation and deposition are 

two less commonly mentioned 
phase changes. Sublimation is the 
transformation of a solid directly to 
a gas. Snow readily sublimes from 
mountain tops on sunny days. Dry 
ice, as shown in Figure 24, also 
readily sublimes. Deposition is the 
transformation of a gas directly to a 
solid. An example of deposition is the 
†ormation of frost. 


4 Figure 26 

Melting and evaporation involve the 
addition of heat; condensation and 
freezing involve the removal of heat. 
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LEARNING OBJECTIVE 


Describe how the volume of a gas is 
affected by pressure, temperature, 
and number of particles. 


^ Figure 27 
When the density of gas in the tire is 
doubled, the pressure is doubled. 


^ Figure 28 

When the volume of gas is decreased, 
the density, and therefore the pressure, 
are increased. 
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does from your cool kitchen floor. When the temperature is hot enough, evapo- 
ration occurs beneath the surface of the liquid. As a result, bubbles form and are 
buoyed up to the surface. We say that the liquid is boiling. A substance is often 
characterized by its boilimg poïnf, which 1s the temperature at which it boils. At 
sea level, the boiling poïnt of fresh water is 100°C. 

The transformation from gas to liquid—the reverse of evaporation—is 
called condensation. This process can occur when the temperature of a gas 
decreases. The water vapor held in the warm daylight aïr, for example, may 
condense to form a wet dew in the cool of the night. 


8 Gas Laws Describe the Behavior of Gases 


EXPLAIN THIS 
Why do bubbles of air in water get larger as they rise? 


Scientists of the 17th, 18th, and 19th centuries investigated the relationships 
among the pressure, volume, and temperature of gaseous materials. Their 
observations are summed up by a set of gas laws named in their honor. These 
laws help us to understand the behavior of gases, including the air we breathe. 


Boyle's Law: Pressure and Volume 


Think of the molecules of air inside the inflated tire of an automobile. Inside 
the tire, the molecules behave like zillions of tiny Ping-Pong balls, perpetually 
moving helter-skelter and banging against the inner walls. Their impacts on 
the inner surface of the tire produce a jittery force that appears fO Our coarse 
senses as a steady outward push. Averaging this pushing force over a unit of 
area gives the 7£ssw7e of the enclosed air. 

Suppose the temperature is kept constant and twice as many molecules are 
pumped into the same volume, as shown in Figure 27. Then the air density— 
the number of molecules per given volume——is doubled. If the molecules move 
with the same average kinetic energy, or, equivalently, if their temperature 
1s the same, then, to a close approximation, the number of collisions will be 
doubled. This means that the pressure is doubled. 

We can also double the air density by compressing air to half its volume. 
Consider the cylinder with the movable piston in Figure 28. If the piston is 
pushed downward so that the volume is half the original volume, the density 
of molecules will double and the pressure will correspondingly double. In 
general, a lessening of the volume means a correspondingly øreater pressure 
(because the gas density is greater), while a larger volume means a correspond- 
ingly smaller pressure (because the gas density 1s less). 

Notice in the example involving the piston that volume and pressure are 
Inuersel proportional—as one gets bigger, the other gets smaller. This can be 
represented as 


V 1 
= 
P 


This relationship ¡is known as Boyles Law, after the 17th-century scientist 
Robert Boyle (1627-1691) who first described it. Boyle discovered that as vol- 
ume đecreases, pressure increases, and as volume increases, pressure decreases. 
Similarly, an increase in pressure results in a smaller volume, while a decrease 
in pressure results in a larger volume. Boyle“s Law, however, holds true only 
assuming that the temperature and number of gas particles remain the same. 
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G CC ELE TLCHECK 


1. You bring a long snorkel with you to the bottom of a deep swimming pool. The 
snorkel provides a direct path between your lungs and the air above, but you still 
can't breathe through it. Why? 


2. A scuba diver swimming underwater breathes compressed air, which counteracts 
the water pressure, allowing her to breathe. She then holds her breath while 
returning to the surface. What happens to the volume of air in her lungs? 


CHECK YOUR ANSWERS The weight of the water above you squeezes you 
from all directions. This water is very heavy, and your lungs are not strong enough to 
expand against all this pressure. 


As she rises to the surface, the water pressure decreases, which allows the com- 
pressed air in her lungs to expand in accordance with Boyle's Law. Rising 10 m to the 
surface results in half the pressure, which results in a doubling of the volume. This is 
enouch to burst the lungs. A first lesson ¡in scuba diving is not to hold your breath 
while ascending—to do so can be fatal. 


Charles's Law: Volume and Temperature 


The 18th-century Erench scientist and daring balloon aviator Jacques Charles 
(1746-1823) discovered the direct relationship between the volume of a gas and 
1ts temperature at constant pressure. Charles showed that the volume of a gas 
increases as its temperature increases. Likewise, the volume of a gas decreases 
as its temperature decreases, as is shown in Figure 29. 

Remarkably, when the volume and temperature of various øases at constant 
pressure are plotted on a graph, it appears that at a rather cold temperature, 
~273.15°C, the volume of any gas dwindles down to zero, as shown in Figure 30. 

Of course, the volume of a gas never reaches zero. Somewhere along the way 
the gas transforms into a liquid. Nonetheless, in 1848, William Thomson, also 
known as Lord Kelvin (1824-1907), recognized that this convergent temperature 
of~273.15°C would be a convenient zero point for an alternative temperature scale 
by which the absolute motion of particles could be measured. The number 0 is 
assigned to this lowest possible temperature—øÙsolufe zero. Accordingly, this scale 
became known as the Kelvin temperature scale, as was introduced in Section 6. 

According to Charless Law, the volume and absolute temperature 
(measured in kelvins) of a gas are đirecHu proportional—as one gets bigger, so 
does the other. This can be represented as 


VxwT 


CÓ@G CC EblineCHECKk 


A perfectly elastic balloon holding helium ¡is warmed. What happens to its 
volume? 


CHECK YOUR ANSWER According to Charless Law, as a gas is warmed, its 
volume expands. 


HereS direc†ly proporTiondl. 


` Figure 29 

Evan inflates two balloons to the same size 
and heats one over some boiling water 
while the other cools down in the freezer. 
A quick recomparison of the two balloons 
shows that while the heated balloon 
expanded, the cooled balloon became 
smaller. Ask your instructor what happens 
when a balloon is dipped into —19ó°C 
liquid nitrogen and then pulled back out. 
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} Figure 30 

A plot of experimental data showing 
volume versus the temperature (at 
constant pressure) for hydrogen, H;„ and 
oxygen, O›„ in their gaseous phases. Note 
how the gases converge to zero volume 
at the same temperature, —273.15°C. 


&@ FORYOUR 
INFORMATION 

In 1783, Jacques Charles was the 
first to fly in a balloon filled with 
hydrogen gas, which he created by 
reacting scrap iron with sulfuric acid. 
(Two weeks earlier, the Mongolfier 
brothers had been responsible for 
the first balloon flight using hot air.) 
One of Charles's first flights over 
the French countryside lasted about 
45 minutes and took him 15 miles 
to a smaill village, where the people 
were so terrified they tore the balloon 
to shreds. 


"`. << 


What four interrelated quantities can 
be used to describe the properties 
of a gas? 
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Hydrogen, H› 


Absolute zero 
~273.15°C 


/ 


Oxygen, Oz 


Avogadro's Law: Volume and Number of Particles 


The 19th-century Italian scientist Amedeo Avogadro hypothesized that the 
volume of a gas is a function of the number of gas particles it contains. In other 
words, as the number of gas particles increases, so does the volume, assuming 
a constant pressure and temperature. This relationship is known as Avogadro”s 
Law. An easy way to demonstrate this law is to grasp the opening of an empty 
plastic bag and blow into ¡t. The more air molecules you blow into the bag, the 
bigger its volume. This can be represented as 


Vwz1m 


CÔNG EPTCHE€CK 


Assuming the same pressure and temperature, which has a greater 
number of gas particles: 5 liters of gaseous water, HạO, or 5 liters of 
gaseous oxygen, O©z? 


CHECK YOUR ANSWER According to Avogadro's Law, the same volume means 
the same number of gas particles. Each particle here refers to a single molecule of 
either water, HO, or oxygen, O;. There are just as many water gas particles in 5 liters 
as there are oxygen gas particles. The nature of the gas particles doesn“t matter. But 
can you answer this question: which has a greater number of atoms? 


The Ideal Gas Law and Kinetic Molecular Theory 


The properties of a gas can be described by four interrelated quantities: 
pressure, volume, temperature, and number of particles. Boyle“s, Charles”s, and 
Avogadro“s gas laws each describe how one quantity varies relative to another 
as long as the remaining two are held constant. Mathematically, these three 
laws can be combined into a single law, called the ideal gas law, which shows 
the relationship of all these quantities in a single equation: 


PV = nRT 


where P is the pressure of the gas, V is its volume, ứ is the number of gas par- 
ticles, and T is the temperature. The R ¡in this equation is the @4s constanf, which 
1s the same no matter what the identity of the gas. Its value depends only upon 
the chosen units of pressure, volume, and temperature.* 


*A commonly used value for the gas constant is 0.082057 L atm/K mol. Regarding the units, L 
1s volume ïn liters, atm is pressure in atmospheres, K is temperature in kelvin, and 1 mole (mol) 
equals 6.02 < 10 particles. 
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The ideal gas law gets its name from the fact that it accurately describes only an 
1denl qñs. Sụch a gas 1s one 1n which individual gas particles are considered to oCCupy 
no volume in their container. Furthermore, the particles of an ideal gas experience 
no attractions to or repulsions from one another. Each particle of a real gas, however, 
does have volume, albeit very, very small. Also, these particles do interact with each 
other. Real gases, therefore, do not follow any of the gas laws perfectly. At normal 
pressures, however, the contribution of particle size to total volume is insipnificant 
and gas laws are good predictors of gas behavior. Furthermore, when the 
temperature of the gas is well above ifs boiling point, the gas particles are moving so 
fast that they rebound off one another without sticking. The interactions, therefore, 
are negligible, so the particles closely resemble those of an ideal gas. 


CONCEPTCHECGKXK 


Which do gas laws describe more accurately: a gas at high pressure and 
low temperature or a gas at low pressure and high temperature? 


CHECK YOUR ANSWER Gas laws work best for gases at low pressures and high tem- 
peratures. The air we breathe ¡is a good example. At atmospheric pressure, the distanc- 
es between air molecules are much greater than the sizes of the air molecules. Also, air 
is well above its components" boiling points (N; boils at—19é°C and O; at—183”C). This 
behavior permitted the gas law discoveries of Boyle, Charles, Avogadro, and others. 


From the gas laws a model has been developed that gives us insight as 
to why gases behave as they do. This model, known as the kinetic molecular 
theory, can be summarized as a set of five postulates: 


1. A gas consists of tiny particles, either atoms or molecules or both. 


2. Gas particles are in constant random motion, colliding with one another 
and with the walls of their container. 


3. The impacts of gas particles on the walls of the container prodưce a jittery 
force that appears as a steady push against the inner surface. This pushing 
force provides the pressure of the enclosed gas. 


4. Deviations from gas laws arise primarily because of the interactions OCCUT- 
ring among gas particles and because gas particles are not infinitely small. 


5. The average kinetic energy (energy due to motion) of the gas particles 1s 
đirectly proportional to the temperature of the gas. 


We can tuse these postulates to rationalize the various gas laws. For Boyle“s 
Law, pressure decreases with increasing volume because collisions of the gas 
particles with the walls of the container occur less frequently, and those impacts 
are spread out over a greater area. For Charless Law, volume increases with 
increasing temperatures because faster-moving particles push against the inner 
sides of the container more forcefully, which causes an expansion. 5imilarly, 
for Avogadros Law, volume increases with an increasing number of particles 
because each particle produces a force on the inner sides of the container, and 
when there are a greater number of particles, the net force on the inner surface is 
also greater. 

The kinetic molecular theory was developed from the study of gases, but this 
theory also nicely sums up what we know about liquids and solids. As discussed 
earlier in this chapter, liquids and solids are also made of tiny particles, either 
atoms or molecules. These particles are in constant random motion. This motion is 
confined, however, because the particles are held together by electrical attractions. 
In the liquid phase, the particles can tuưmble over one another, which gives the liquid 
1ts fluid character. In the solid phase, the particles are held together so strongly that 
they can vibrate only about fixed positions. Kinetic molecular theory also tells us 


đ® FORYOUR 
INFORMATION 

With your mouth wide open, blow 
air from your lungs onto the palm 


of your hand. Now repeat the same 


procedure with your lips puckered 
so that your breath is compressed 
within your mouth and expands 
upon exiting. You'll discover that 
as air expands, it cools. ln more 
technical terms, as the pressure 


decreases, so does the temperature. 


In regard to the weather, as warm 
air rises, it expands into less dense 
higher-altitude air and thus cools. 
This cooling causes atmospheric 
water vapor to condense into tỉny 
suspended droplets, which is how 
clouds are formed. 
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^ Figure 31 

This gap in the roadway of a bridge is 
called an expansion joint; it allows the 
bridge to expand and contract. (Can you 
tell whether this photo taken on a warm 
day or a cold day?) 
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that the higher the temperature, the faster the movement of the particles, as was 
discussed in Section 6. This explains why liquids and solids, like gases, also tend 
to expand when heated and contract when cooled, as illustrated in Figure 31. 


0000 E6hr UC FREẽC 


Assuming a constant volume and number of particles, as the temperature 
of a gas increases, what happens to the pressure? Why? 


CHECK YOUR ANSWER ^As the temperature increases in a gas, so does the 
average kinetic energy (speed) of its particles. Faster-moving particles collide more 
frequently with the inner surface of a container and strike it harder. More frequent 
and more forceful impacts mean greater pressure. So as the temperature of a gas 
increases, so does its pressure, provided the volume and number of gas particles 
remain constant. Understanding this, can you explain why the pressure inside an 
automobile tire is greatest just after driving? 
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CALCULATION CORNER SCUBA DIVING AND HOT AIR BALLOONS 


'We can express Boyle”s Law and Charles/s Law mathematically lf she holds her breath while returning to the surface, by 
as follows: how much might the volume of her lungs increase? 
bối 
P.Vi =, P;V; =—.= 
tụ. Tà 


Boyle's Law Charles/s Law 


Here P\, Vị, and Tì represent an original pressure, volume, and 
temperature, respectively, while P;„ V„, and T; represent a new 
pressure, volume, and temperature, respectively. Each of the 
preceding equations contains four variables. For such equa- 
tions, if three of the variables are known we can calculate the 
fourth (assuming all temperatures are expressed in kelvins). 


EXAMPLE 


What would be the new volume of a 1.00 liter balloon I1f 
it were broupht from sea level, where the air pressure is 
1.00 atmosphere, to an altitude of 2500 meters, where air 
pressure ¡is about 0.743 atmospheres? Assume there is no 


change in temperature. t he “atmosphere” is a common unit 2 
Of pressure and is equal to the average atmospheric pressure 
at sea level.) 


. A 5.00-liter rubber balloon is submerged 5.00 meters 
under ocean water, where its new volume is measured 
to be 3.38 liters. Show that the pressure at this depth is 


P¡ = 1.00atm 1.48 atmospheres. 

P; = 0.743atm 3.A perfectly elastic 419-liter balloon is heated from 25°C 
Vị = 1.00liter (298 K) to 50°C (323 K). To what new volume does 
V„=? 1t expand? 


4. A hot aïir balloon 401,000 liters in volume is warmed from 


Use algebra t the equation for Boyle's Law to sol 
K2 101/5 12201010 sice kh l6 se ca (0001 cslê ai 298 K to 398 K. As the air inside the balloon expandg, it is 


for V2: 
bó unable to stretch the fabric, which is not very elastic. Instead, 
Van ri. the expanded air escapes out of a hole placed at the top of 
= (1.00atm) (1.001iter) / (0.743atm) the balloon. Show that 135,000 liters of air escapes. 
= 1.35liters 5. Air has a density of 1.18 g/L. Show that the hot air 
YOUR TURN balloon in the previous question is now liphter by 


159 kilograms, which helps the balloon to rise. 
1. A scuba diver swimming underwater in the ocean 


breathes compressed air at a pressure of 2 atmospheres The anstuers for Calculation Corners appenr at the end oƒ the chapter. 
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Chapter Re01e(U 


LEARNING OBJECTIVES 


Describe the particulate nature of matter. (1) 


Describe the evidence for the particulate nature of matter. (2) —> 


Distinguish between mass, weight, and volume. (3) 


Calculate the density of a material. (4) 


Differentiate between potential and kinetic energy. (5) 


Distinguish between heat and temperature. (ó) 


Describe the particulate nature of three phases of matter. (7) —> 


Describe how the volume of a gas is affected by pressure, — 


temperature, and number of particles. (8) 


SUMMARY OF TERMS 


Absolute zero The lowest possible temperature, which ¡s the 
temperature at which the atoms of a substance have no 
kinetic energy: 0 K = —273.15°C = —459.7°E. 


Alchemy À medieval endeavor concerned with turning other 
metals to gold. 


Atoms Extremely small fundamental units of matter. 


Avogadro/s Law A gas law that describes the direct 
relationship between the volume of a gas and the number 
Of gas particles it contains at constant pressure and 
temperature. The greater the number of particles, the 
greater the volume. 


Boiling Evaporation in which bubbles form beneath the 
liquid surface. 

Boyle“s Law A gas law that describes the indirect relationship 
between the pressure of a gas sample and its volume at 
constant temperature. The smaller the volume, the greater 
the pressure. 

Charles“s Law A gas law that describes the direct relationship 
between the volume of a gas sample and its temperature 
at constant pressure. The greater the temperature, the 
greater the volume. 

Condensation The transformation of a gas to a liquid. 

Density The amount of mass contained in a sample divided 
by the volume of the sample. 

Energy The capacity to do work. 

Evaporation The transformation of a liquid to a gas. 

Freezing The transformation o£ a liquid to a solid. 

Gas Matter that has neither a definite volume nor a definite 
shape, always fillïing any space available to it. 


Heat The energy that flows from one object to another because 
of a temperature difference between the two. 


(KNOWLEDGE) 


—>  Questions 1, 2, 25, 38, 44, 45, 83 
Ouestions 3-5, 2ó, 4ó-49, 685 

— Questions ó-8, 27, 29-31, 35, 50-53 
—> Questions 9, 10, 32, 33, 54-57 

— Questions T11—13, 34, 56-óT 

—> _Questions 14-†1ó, 39-41, ó2-ó7 
Ouestions 17-19, 42, ó8-72 


Ouestions 20-24, 26, 5ó, 37, 43, 
75-62, 84 


Ideal gas law A gas law that summarizes the pressure, 
volume, temperature, and number of particles of a 
gas within a single equation often expressed as 
PV =nRT, where P is presure, V is volume, ứr is number 
of molecules, R is the gas constant, and T is temperature 
given in kelvin. 

Kinetic energy Energy due to motion. 


Kinetic molecular theory A theory that explains the proper- 
ties of solids, liquids, and gases by proposing that they 
consist of rapidly moving tiny particles, either atoms or 
molecules or both. 


Liquid Matter that has a definite volume but no definite 
shape, assuming the shape of its container. 


Mass The quantitative measure of how much matter an 
object contains. 


Melting The transformation of a solid to a liquid. 


Molecule An extremely small fundamental structure built 
Of atoms. 


Potential energy Stored energy. 

Solid Matter that has a definite volume and a definite shape. 

Submicroscopic The realm of atoms and molecules, where 
objects are smaller than can be detected by optical 
TniCrOSCOpes. 

Temperature How warm or cold an object is relative to some 
standard. Also, a measure of the average kinetic energy 
per molecule of a substance, measured in degrees Celsius, 
degrees Fahrenheit, or kelvin. 

Thermometer An instrument used to measure temperature. 

Volume The amount of space an object occupies. 

'Weight The gravitational force of attraction between two 
bodies (where one body is usually the Earth). 
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READING CHECK OUESTIONS 


1 The Submicroscopic World Is Super-Small 


1. It would take you 31,800 years to count to a trillion. About 
how many times would you have to do this to have 
counted all the atoms there are in a single grain of sand? 

2. Is a biological cell macroscopic, microscopic, or 
submicroscopic? 


2 Discovering the Atom 


3. The term øfom was derived from what Greek phrase? 


4. What 16th-century chemist discovered the law of 
mass conservation? 


5. What did Mendeleev predict based upon his newly 
created periodic table? 


3 Mass ls How Much and Volume ls How Spacious 


6. What is inertia, and how is it related to mass? 


7. Which can change from one location to another: mass 
or weight? 


8. What is the difference between an objects mass and 
1ts volume? 


4 Density ls the Ratio of Mass to Volume 


9. The units of density are a ratio of what two quantities? 


10. What happens to the volume of a loaf of bread that is 
squeezed? The mass? The density? 


5 Energy ls the Mover of Matter 


11. What do we call the energy an object has because of 
1ts position? 

12. What do we call the energy an object has because of 
1ts motion? 


(COMPREHENSION) 


13. Which represents more energy: a joule or a calorie? 


ó Temperature ls a Measure of How Hot—Heat lt 
Is Not 


14. In which is the average speed of the molecules less: in 
cold coffee or in hot coffee? 

15. Which temperature scale has its zero point as the point of 
zero atomic and molecular motion? 

1ó. Is it natural for heat to travel from a cold object to a 
warmer object? 


7 The Phase of a Material Depends on the Motion of 
lts Particles 


17. How does the arrangement of particles in a gas differ 
from the arrangement of particles in liquids and solids? 


18. Which requires the removal of thermal energy: melting 
Or freezing? 


19. What is it called when evaporation takes place beneath 
the surface of a liquid? 


8 Gas Laws Describe the Behavior of Gases 


20. What happens to the pressure inside a tire as more air 
molecules are pumped into the tire? 

21. What happens to the volume of a gas as its temperature 
1s increased? (Assume constant pressure and number 
of particles.) 

22. At what temperature do gases theoretically cease to 
occupy any volume? 

23. What happens to the volume of a gas as more gas 
particles are added to it? (Assume constant pressure 
and temperature.) 


24. Why do real gases not obey the ideal gas law perfectly? 


CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


25. A TV screen looked at from a distance appears as a 
smooth continuous flow of images. Dp close, however, 
we see this is an illusion. What really exists are a series 
of tiny dots (pixels) that change color in a coordinated 
way to produce images. Use a magnifying glass to 
examine closely the screen of a computer monitor or 
television set. 


2ó. Add a pinch of red-colored Kool-Aid crystals to a still 
glass of hot water. Add the same amount of crystals to a 
second still glass of cold water. With no stirring, which 
would you expect to become uniform in color first: the 
hot water or the cold water? Why? 

27. Pennies dated 1982 or earlier are nearÌy pure cOpper, 
each having a mass of about 3.5 grams. Pennies dated 
after 1982 are made of copper-coated zinc, each having a 
mass of about 2.9 grams. Hold a pre-1982 penny on the 
tip of your index finger and a post-1982 penny on the 
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tip of your other index finger. Move your forearms up 
and down to feel the diference in inertia—the difference 
of 0.6 grams (600 milligrams) is subtle but not beyond a 
set of well-tuned senses. lf one penny on each finger is 
below your threshold, try two pre-1982s stacked on one 
finger and two post-1982s stacked on the other. Share this 
activity with a friend. 


Particles of Matter 


28. Air molecules stuck inside an inflated balloon are perpet- 


25. 


THINK AND SOLVE 


ually colliding with the inner surface of the balloon. Each 
collision provides a little push outward on the balloon. 
All the many collisions working together is what keeps 
the balloon inflated. To get a “feel” for whats happen- 
ing here, add about a tablespoon of tỉiny beads to a large 
balloon. (Beans, grains of rice, etc., will also work.) Inflate 
the balloon to its full size and tie it shut. Hold the balloon 
in the palms of both hands and shake rapidly. Can you 
feel the collisions? As you shake the balloon wildly, the 
flying beads represent the gaseous phase. How should 
you move the balloon so that the beads represent the 
liquid phase? The solid phase? Absolute zero? 


FiII a tall glass two-thirds full with water and mark the 
water level with masking tape. Eill a small plastic canister, 
such as a film canister, with pennies. Cap the canister and 
place it in the water. Note the new water level with a 
second strip of tape. Remove the canister, being care- 

ful not to splash water out of the glass. Remove half 

the pennies from the canister so as to decrease its mass. 


(MATHEMATICA 


30. What is the mass in kilograms of a 130-pound human 


31. 


32. 


33. 


34. 


35. 


standing on Earth? 


Gravity on the Moon is only one-sixth as strong as gravity 
on the Earth. What is the mass of a 10-kilogram object on 
the Moon, and what is its mass on the Earth? 


Someone wants to sell you a piece of gold and says it is 
nearly pure. Before buying the piece, you measure its 
mass to be 52.3 grams and find that it displaces 4.16 mL of 
water. Calculate its density and consult Table 1 to assess 
1ts pUTItV. 

What volume of water would a 52.3-pram sample of pure 
gold displace? 


How many joules are there in a candy bar containing 
230,000 calories? 


How many milliliters of dirt are there in a hole that has a 
volume of 5 liters? How many milliliters of air? 


THINK AND COMPARE (ANALYSIS) 


38. Rank the following in order of increasing volume: 


a. Bacterium 
b. Virus 
c. Water molecule 


39. Rank the following in order of increasing temperature: 


a. 100K 
b. 100°C 
Gói 11UU2E/ 


40. Rank the following in order of increasing molecular 


kinetic energy: 


a. Cupful of boiling water at 100°C 
b. Swimming pool full of boiling water at 100°C 
c. A cup of ice at —10°C on the top floor of a skyscraper 


Cap the canister; predict how much the water level will 
rise when you submerge the canister. Which of the follow- 
ing statements do your results support? (a) The volume of 
water an object displaces depends only on the dimensions 
of the object and not on its mass. (b) The volume of water 
an object displaces depends on both the dimensions and 
the mass of the object. 


ˆ 
¬ 


L APPLICATION) 


3ó. You measure the pressure of the four tires of yOur car 


37. 


41. 


42. 


43. 


each to be 35.0 pounds per square inch (psi). You then roll 
your car forward so that each tire is upon a sheet of paper. 
You outline the surface area of contact between each tire 
and the paper, which you later measure to be 32.0 square 
inches. What is the weight of your car? 


A perfectly elastic balloon holding 1.0 liters of helium at 
298 K is warmed to 348 K. What is the new volume of the 
helium-filled balloon? 


Rank the following in order of increasing øøeraee molecu- 
lar kinetic energy: 


a. Cupful of boiling water at 100°C 

b. Swimming pool full of boiling water at 100°C 

c. A cuụp of ice at —10°C on the top floor of a skyscraper 
Rank the following in order of increasing force of attrac- 
tion between its submicroscopic particles: 

a. Sugar b. Water C. Air 

Rank the following in order of increasing temperature: A 
billion molecules of a gas at 1 atmosphere of pressure in a 
a. 10-liter container. 

b. 5-liter container. 

c. 1-liter container. 
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THINK AND EXPLAIN (SYNTHESIS) 


1 The Submicroscopic World Is Super-Small 


44. You take 50 mL of small BBs and combine them with 50 
mL of large BBs and you get a total of 90 mL of BBs of 
mixed size. Explain. 

45. You take 50 mL of water and combine it with 50 mL, 
of purified alcohol and you get a total of 98 mL of 
mixture. Explain. 


2 Discovering the Atom 


4ó. In one of his experiments, Lavoisier used sunlight 
to heat a piece of tin on a floating block of wood 
covered by a glass jar. As the tin decomposed, the 
water level inside the jar rose. Explain this result using 
Avogadro“s Law. 


47. Which of Dalton“s postulates accounts for Lavoisier“s 
mass conservation principle? 


48. What is wrong with the following depiction of a 
chemical reaction? 


œ® oo |  |# dạ 
 œ “ 


49. A friend argues that if mass were really conserved he 
would never need to refill his gas tank. What explanation 
do you offer your friend. 


3 Mass ls How Much and Volume ls How Spacious 


50. Can an object have mass without having weight? Can it 
have weight without having mass? 


51. Does a 2-kilogram solid iron brick have twice as much 
mass as a 1-kilogram solid iron brick? Twice as much 
weight? Twice as much volume? 

52. Which weighs more: a liter of water at 20°C or a liter of 
water at 80°C? 

53. A little girl sits in a car at a traffic light holding a helium- 
filed balloon. The windows are closed and the car is 
relatively airtight. When the light turns green and the car 
accelerates forward, her head pitches backward but the 
balloon pitches forward. Explain why. 
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4 Density ls the Ratio of Mass to Volume 


54. What happens to the density of a gas as the gas is 
compressed into a smaller volume? 


55. The following three boxes represent the number of 
submicroscopic particles in a given volume of a par- 
ticular substance at different temperatures. Which box 
represents the highest density? Which box represents the 
highest temperature? Why would this be a most unusual 
substance if box (a) represented the liquid phase and box 
(b) represented the solid phase? 


Só. What happens to the density of aïr as it is heated? 
57. What is the density of empty space? 


5 Eneroy ls the Mover of Matter 


58. Which is more evident: potential or kinetic 
energy? Explain. 


59. At what point in its motion ¡s the kinetic energy of a 
pendulum bob at a maximum? At what point is its 
potential energy at a maximum? 

60. Consider a ball thrown straight up in the air. At what 
position is its kinetic energy at a maximum? Where is 
1ts gravitational potential energy at a maximum? 

61. Does a car burn more gasoline when its lights are turned 
on? Defend your answer. 


ó Temperature ls a Measure of How Hot—Heat lt 
ls Not 


62. Which has more total energy: a cup of boiling water 
at 100°C or a swimming pool of slightly cooler water 
at 90°C? 

63. Under what circumstances does heat naturally travel from 
a cold substance to a warmer substance? 


64. Distinguish between temperature and heat. 


ó5. An old remedy for separating two nested drinking glasses 
stuck together is to run water at one temperature into the 
inner glass and then run water at a different temperature 
over the surface of the outer glass. Which water should be 
hot and which should be cold? 


Particles of Matter 


6ó. A supersonic jet heats up considerably when traveling 
throuph the air at speeds greater than the speed of sound. 
As a result, the Jet in flight is several centimeters longer 
than when it is on the ground. Offer an explanation for 
this length change from a submicroscopic perspective. 


67. Creaking noises are often heard in the attic of old houses 
on cold nights. Give an explanation in terms of thermal 
expansion. 


7 The Phase of a Material Depends on the Motion of 
lts Particles 


ó8. Which has stronger attractions among i1ts submicroscopic 
particles: a solid at 25°C or a gas at 25°C? Explain. 


69. The following leftmost diagram shows the moving 
particles of a gas within a rigid container. Which of the 
three boxes on the right (a, b, or c) best represents this 
material upon the addition of heat? 


/ư*^ Š + /\x= s.ö 

vi /<£: | 
Ra. \? đó 
(a) (b) (c) 


70. The following leftmost diagram shows two phases of a 
single substance. In the middle box, draw what these par- 
ticles would look like if heat were taken away. In the box 
on the right, show what they would look like if heat were 
added. lf each particle represents a water molecule, what 
1s the temperature of the box on the left? 


71. Humidity is a measure of the amount of water vapor in 
the atmosphere. Why is humidity always very low inside 
your kitchen freezer? 

72. Why ¡s perfume typically applied behind the ear rather 
than on the ear? 


8 Gas Laws Describe the Behavior of Gases 


73. Would you or the gas company gain by having gas 
warmed before it passed through your gas meter? 


THINK AND DISCUSS (EVALUATION) 


83. Your friend smells cinnamon coming from an inflated rub- 
ber balloon containing cinnamon extract. You tell him that 
the cinnamon molecules are passing throuph the micropores 
of the balloon. He accepts the idea that the balloon contains 
micropores but insists that he is simply smelling cinnamon- 
flavored air. You explain that scientists have discovered that 
gases are made of molecules, but thats not good enough for 
him. He needs to see the evidence for himself. How might 
you lead him to accept the concept of molecules? 


74. Ata depth of about 10 meters the water pressure on 


75. 


76. 


7/7 


78. 


79. 


30. 


81. 


82. 


84. 


you is equal to the pressure of 1 atmosphere. The total 
pressure on you is therefore 2 atmospheres—1 atm from 
the water and 1 atm from the air above the water. When 
the following glass is pushed down to a depth of around 
10 meters in depth, what will be the level of the water on 
the inside of the glass? 


Why do you suppose that airplane windows are smaller 
than bus windows? 


When you suck a drink through a soda straw, what 
causes the drink to rise into your mouth: the muscles 
of your lungs and cheeks or the weight of the 
atmosphere? 


A sođa straw fits snugegly through a cork thafs wedged 
into a narrow-neck bottle containing a liquid beverage. 
You try to suck the beverage out o£ the bottle, but doïng 
so is not possible for you. Why? 


What happens to the size of the bubbles of boiling 
water as they rise to the surface? Why? Which gas 
law applies? 

A child“s lost helium-filled rubber balloon rises higher 


and higher into the sky. What eventually happens to the 
balloon? What happens to the helium? 


se Boyle“s Law to explain why a package of chips puffs 
up on board a hiph flying airplane. 

An airliner cruises around 30,000 feet, but the cabin is 
kept at more comfortable pressure that corresponds to 
around 8000 feet, which is about 0.743 atmospheres. For 
most people, the cabin would be even more comfortable 
1f it were kept at a pressure of 1.00 atmospheres. Why 
đonít airlines pressurize their cabins to 1.00 atmospheres? 
Which gas law applies? 


Close your lips and blow aïr into your mouth. What 
happens to your cheeks? Why? Which gas law applies? 


You xe at the top of a 200-mile tall tower that extends 
above the atmosphere into outer space. Because there is 
no air that high you are wearing a pressurized spacesuit. 
lí a hole were poked into your suit, the air molecules in 
your suit would escape. Before you quickly patch the 
hole, what would happen to the pressure inside your suit? 
What would happen to the volume of your suit? Would 
the escaped air molecules fall up or down or remain 
level? Which laws apply to each of these questions? 
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85. You re at the top o£ a 200-mile tall tower that extends 


above the atmosphere into outer space. On the observa- 
tion deck you step onto a scale, which shows you to be a 
couple pounds lighter than you were at the bottom of the 
tower. But since you re in outer space, you wonder what 
would happen if you stepped off the observation deck. 
You instead hold the scale over the edge and then let go 
of it. What happens to the scale? Does it float or fall? Is 
there gravity in outer space? Would it be possible for the 
space shuttle to park along side this observation deck? 
Why 1s it important for us to know these sorts of things? 


READINESS ASSURANCE TEST (RAT) 


Tƒ uou haue a qood handle ơn this chapter, then you shonld be able to 
score at lenst 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistr.com. ]ƒ you score less tham 7, you need 


to stHidU ƒurther beƒore 1t00ïng 0H. 
Choose the BEST answer to the following. 


1. Chemistry is the study of the 
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a. submicroscopic only because it deals with atoms and 
molecules, which can/t be seen with a microscope. 


b. microscopic only because it pertains to the formation 
Of crystals. 

c. macroscopic only because it deals with powders, 
liquids, and gases that fill beakers and flasks. 

d. submicroscopic, microscopic, and macroscopic 
because most everything is made of atoms 
and molecules. 


.. The advent of modern chemistry began with the work of 


a. Aristotle. 
b. Democritus. 
C. LaVOISIeT. 
d. Dalton. 


e. Mendeleev. 


- Does a 2-kg solid gold brick have twice as much volume as 


a 1-kg solid block of wood? 
a. The gold brick has twice the volume. 
b. The gold brick has half the volume. 


c. The volume of the gold brick could be less than that 
of the block of wood. 


d. The volume of the gold brick compared to the block 
of wood depends on the weight of the wood. 


.-_A child swinging on a swing has her greatest kinetic energy 


when she is 
a. as far from the ground as possible. 
b. as close to the ground as possible. 
c. moving downward toward the ground. 


d. moving upward toward the sky. 


. In which are the molecules, on average, moving faster: 


a swimming pool of boiling water or a cup of boiling 
water? 


a. The swimming pool because it contains more energy. 


8ó. The British diplomat, physicist, and environmentalist 


John Ashton in speaking to a group of scientists stated 
(paraphrased): “There has to be much better commu- 
nication between the world of science and the world 

of politics. Consider the different meaning of the word 
“uncertainty.“ To scientists, it means uncertainty over 

the strength of a signal. To politicians it means “øo away 
and come back when you “re certain.““ Jretend you are a 
scientist with strong but inconclusive evidence in support 
of impending climate change. How might you best per- 
suade politicians to take action? 


b. The cụp because the molecules rebound off the 
container “s inner surface more frequently. 


c. The average motion of molecules in each is the same. 


. Heat is simply another word for 


a. temperature. 

b. energy. 

c. energy that flows from hot to cold. 
d. All of the above 


. Water freezes at a temperature of 


a. 0°. 

b. 273K. 

c. Both of these 

d. Neither of these 


. What type of phase change does the following figure best 


describe? 
= 
cạ9 
Q@@ooooood lo9¿ 3o 
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a. Melting 
b. Condensation 
c. Evaporation 


d. Freezing 


9. Gases do not follow the ideal gas law perfectly because the 


particles that comprise the gas 
a. are not infinitely small. 
b. can stick to each other as they collide. 
c. move in random directons. 
d. T1wo of the above 
e. All of the above 


10. Ata temperature above absolute zero, the phase in which 


atoms and molecules no longer move is the 
a. solid phase. 

b. liquid phase. 

c. gas phase. 

d. None of the above 
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ANSWERS TO CALCULATION CORNER (MANIPULATING AN ALGEBRAIC EOUATION) 


1. 0.5 grams per milliliter 
2. 400 grams 
3. 100 milliliters 


Scuba Diving and Hot Air Balloons 


1. The new volume of the scuba diver will be two times 
that of the original volume: 


bộ CD 0/2 
= (2.00 atm)(V;)/(1 atm) 


=2.00V, 
2. Plug the following values into Boyle's Law and solve 
to the new pressure, P.: 


P.Vị=P,V; 
(1 atm)(5.00 L)= (P;)(3.38 L) 
P; = (1.00 atm)(5.00 L)/(3.38 L) 


P; = 1.48 atm 
3. Plug the following values in Charles/s Law and solve 

for the new volume, V„. Be sure to use the absolute 
temperatures given in kelvin: 

ŸWị_ Va 

Tụ T5 

(419 L)/(298 K) = V;/(323 K) 
V; = (419 L)(323 K)/(298 K) 


V„=454L 


4. Use Charles“s Law to show that the new volume at 


the higher temperature would be 536,000 liters. he 
answer needs to have three significant figures, which Is 
why 535,564 liters rounds up to 536,000 liters. Take the 
difference to find the volume of gas that escapes from 
the balloon. 

MU V) 

TT; 

(401,000 L)/(298 K) = V;/(398 K) 

V; = (401,000 L)(398 K)/(298 K) 

V; = 536,000 L 
'Volume of air that escapes = V„ — Vị = 135,000 liters 


5. The density of air is 1.18 prams per liter. In other 


words, 1.18 prams equals 1 liter. y You should be 
able to recognize this as a conversion factor. Put this 
topether with the conversion factor of 1000 grams 
equals 1 kilogram and we can convert from liters to 
grams to kilograms in a single equation: 


(135,000 L of air) x (1.18 grams of air/L of air) 
x (1 kilogram/1000 grams) = 159 kg 


Sỉ 
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Green Chemistry 


ver the past couple of 
()+== there has been a 
growing effort among indus- 


tries, governmental agencies, and 
universities to develop technologies 
that allow materials to be manufac- 
tured with reduced or no negative 
environmental impacts. This ¡is an 
area of research known as green 
chemistry. To ensure ¡implementa- 
tion, green chemistry technologies 
are also designed to be cost com- 
petitive and profitable. 

Green chemistry applied to the 
manufacture of materials folloòws a set 
of high standards, as outlined here: 


1. The raw materials usedl in the man- 
ufacturing process should be sus- 
tainably renewable (such as from 
agriculture) rather than depleting 
(such as from fossil fuels). 


2. Waste products from the manu- 
facturing process should be mini- 
mized. Any waste products should 
be either recycled or rendered 
environmentally safe. 


3. The manufacturing process 
should be energy efficient. For 
example, chemical reactions that 
run at easy-to-attain ambient tem- 
peratures and pressures are most 
desirable. Also, the fewer steps 
there are to a manufacturing pro- 
cess, the better. Energy can also 
be saved by using catalysts and 
by monitoring the manufacturing 
process carefully to ensure opti- 
mail operating conditions. 


4. The manufacturing process 
should minimize hazards. This can 
be accomplished by choosing 
chemical reactions that involve 
fewer toxic chemicals and are 
not explosive. 


5. The desired final products of the 
manufacturing process should 
have little or no toxicity and 
be recyclable. Furthermore, 
the materials of these products 
should degrade to innocuous 
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substances after use and not 
accumulate in the environment. 


To illustrate the power and potential 
of green chemistry, it is useful to look 
into a few of the growing number of 
green chemistry projects. To learn about 
many other projects, be sure to visit 
either_ www.epba.gov/greenchemistry 
Or WwWwwW.acs.org/greenchemistry. 


Renewable Toner 


Dio4reZ 


cleaner, greener toner solution 


Laser printers and copiers consume 
about 400 million pounds of toner 
each year in the United States. Most 
of this toner is made from nonrenew- 
able petroleum. This toner ¡is also 
not easily de-inked from the paper, 
which means expensive and harsh 
chemicals are neededl for recycling. 
As a green chemistry alternative, 
the Battelle Institute (www.Battelle. 
org) oversaw the development of a 
high-quality toner made from soy- 
beans. Much less energy ¡is required 
to create this soy-basedl toner, which 
is made from a renewable resource. 
Furthermore, soy-basedl toner is eas- 
ily de-inked from paper, thereby sim- 
plifying the recycling process. 


Benign Pesticides 


wWWe rely on pesticides to protect 
our crops. Many modern pesticides, 
however, are harmful to a broad range 
of species, including beneficial insects, 
such as those that pollinate. A number 
of these pesticides also persist in the 
environment, where they are taken 
up into the food chain. To counter 
these disadvantages, scientists at Dow 
AogroSciences (www.dowagro.com) 
have been able to produce pesticides 
that are specific to the nervous system 
of certain detrimental insects. As a 


result, toxicity to other species, includ- 
ing mammals, is many times lower 
than that of traditional pesticides. 
Furthermore, the starting materials for 
the synthesis of these pesticides are 
created from fermentation broths. In 
other words, the starting materials are 
grown much like a yogurt culture. Also, 
due in part to their natural origin, these 
pesticides decompose well, so that 
they do not persist in the environmert. 


Affordable Hydrogen 


Peroxide 

Almost everyone ¡is familiar with 
disnfecting solutions of hydro- 
gen peroxide, H;ạO;, available from 
the local drugstore. What most peo- 
ple dont know ¡is that the manu- 
facture of this simple molecule on 
a large scale ¡is costly, dangerous, 
and involves numerous steps. This 
is unfortunate, because HO; ¡is an 
effective and environmentally friendly 
oxidizing agent that would be used 
extensively by industries if not for its 
high cost. Instead, companies turn to 
other oxidizing agents, such as chlo- 
rine. Although cheaper, chlorine tends 
to produce highly toxic by-products, 
such as dioxins. Using nanotech- 
nology, chemists at Headwaters 
Technology (www.htigrp.com) have 
recently designed catalysts that 
allow the efficient and safe produc- 
tiòön of HạO; in a single step directly 
from hydrogen, H„, and oxygen, 
O,. Cheaper and readily available 
HạO; ¡is good news for the profit 
margins of the chemical industry 


IENEXA ? 


Lễ 
hệ 
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as well as for the environment, where 
H,O, simply decomposes to water 
(HO) and oxygen. 


Verstile lonic Liquids 


Salts, such as sodium chloride, 
NaCl, are commonly solids at room 
temperature. These salts can be 
transformed into a liquid solution 
by adding water. There are some 
salts, however, that are already 
liquids at room temperature—no 
water neededl These ionic liquids 
have attracted much attention over 
the past couple of decades for 
their many unusual properties and 
potential applications, especially 
when it comes to green 
chemistry. 

Many ionic  liquids 
are _organic compounds, 
which means it is easy to 
modify their properties 
by tweaking their chemi- 
cal structures. An ionic liq- 
uid made of the following 
compound, for example, 
has been found to have 
great potency against 
the polymer coats, called 
biofilms, that colonies 
of bacteria build around 
themselves for protection. 
Biofilms are a major prob- 
lem in hospitals. They also 
foul the hulls of ships and 
pipes in industrial machin- 
ery. In these situations, 
biofilms are treated with 
harsh chemicals. The ionic 
liquids offer a potentially 
more effective and envi- 
ronmentally friendly alter- 
native. 


^- 1-hexyl-3-methyllimidazolium chloride 


Very exciting ¡s the fact that certain 
ionic liquids are able to dissolve cel- 
lulose, which ¡s, by far, the most 
abundant and renewable material 
and energy resource on this planet. 
Callulose ¡is the structural biopolymer 
of plants. Strands of cellulose bind 
very tightly to each other, which 
is good for the wood we use to 
build our houses or the cotton in 
our clothes. When the cellulose ¡is 


^- Switchgrass is an efficient source of cellulose in that it 
grows year round in many environments and never needs 
replanting. 


dissolved ¡in ionic liquids, however, 
this tight binding relaxes, allowing 
the separation of individual strands. 
Separated strands of cellulose can 
then be easily broken down into 
sugars that can be fermented into 
ethanol. (Ethanol from such sources 
is known as cellulosic ethanol.) They 
can also serve as a starting material 
for nonpetroleum-based polymers. 
Both these applications would help 
move us away from our dependence 
upon nonrenewable and greenhouse 
gas-emitting petroleum. 


CONCEPTCHECK 


How can we be sure that green 
chemistry technology will get 
implemented by industries? 


WAS THIS YOUR ANSWER? Green 
chemistry technology is good for 
the pocketbooks of the industries 
that implement this technology as 
well as for the environment. 


hink and Discus: 
1. Specfy which of the principles 
of green chemistry are illustrated 


by the example of affordable 
hydrogen peroxide. 


2. To what extent should green 
chemistry technologies be 
exported to developing nations? 
Why? 


3. As a consumer, what can you do 
to support green chemistry? 


4. There is now much research 
being dedicated to the trans- 
formation of ever-abundant and 
renewable cellulose into biofuels 
and bioplastics. Why wasnt this 
research started in earnest during 
the 19ó0s, which was a decade of 
much environmental awakening? 


5. About 40 percent of all our solid 
waste sent to landfils consists 
of cellulose-containing products, 
such as paper, cardboard, and 
packaging. Might our landlills 
one day be considered a valu- 
able source of cellulosic ethanol? 
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Solutions to Odd-Numbered Chapters Ouestions 


1. Itwould take you 31,800 years to count to a tril- 
lion. Do this 125 million times and you would have 
counted to about the number of atoms in a single 
grain of sand. 

3. The term øføir was derived from the Greek phrase 
q tơmos, which means “not cut” or “that which is 
indivisible. 

5. Mendeleev predicted the existence of elements that 
had not yet been discovered. 


Z. . Weight can change from one location to the next 
because it is dependent on gravity. 

9... Density is the ratio between the mass of a substance 
and its volume. Note that as the mass of the sub- 
sftance increases, so does its volume. The ratio of the 
mass to volume, which is its density, remains the 
same. 

11. The energy due to position is potential energy. 

13. A calorie is 4.184 times greater than a Joule. 


15. The Kelvin scale places zero at the poïnt of zero 
atomic and molecular motion. 

17. The particles in a gas have so much energy that 
they overcome their attractions to each other and 
expand to fill all of the space available. In a liquid, 
the particles tumble loosely around one another. In 
a solid, the particles are fixed in a 3-dimensional ar- 
rangement. 

19. Evaporation that occurs beneath the surface of a 
liquid ¡s called boiling. 

21. The volume increases as the temperature increases. 

23. The volume of a gas increases as more particles are 
added to it. 

25. No question was asked. 

27. No question was asked. 

29. The volume of water that gets displaced by a sub- 
merged object only depends on the volume of the 
submerged object. 
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31. The mass of a 10 kg object anywhere ¡s 10 kg. 


33. The density of gold is 19.3 g/mL. Dse the following 
formula to find the volume of the sample: 
M 52.3 


ƒE 5g. 76 E81 


35. There are 0 mL of dirt in the whole, but 


1000 mL, 


5Lx Tả 


= 5000 mL, of air. 


37. Plug the following values into Charles“s Law and 
solve for the new volume: Vị = 1.0 liters; Tị = 298K; 
T; = 346K. 
ảnh 8 
TT: 
(1.0 liters) V; 


(298K) — (348K) 


(348K)(1.0liters) — 
(298K) 2 


1.168 liters = V¿ 


Round to the appropriate number of significant 
figures: 
1.2 liters = V, 

39. a<c<b 

41. c<a=b 

43. a<b<c 

45. The 50 mL plus 50 mL do not add up to 100 mL, 
because within the mix, many of the smaller water 
molecules can fit within the pockets of space that 
were empty in the 50 mL of larger ethanol moecules. 
This 1s analogous to the previous question involv- 
¡ng the BB/s and is yet another example where the 
existence of molecules helps to explain observed 
phenomena. 


47. 


49. 


51. 


53. 


59. 


SIÃ 


59. 


61. 


63. 


65. 


66. 


Particles of Matter 


That atoms can neither be created nor destroyed ¡in a 
chemical reacton helps to explain why the mass of 
all the reacting materials equals the mass of all the 
products formed. 


The atoms of the gasoline transform into the atoms of the 
exhaust fumes, which escape into the atmosphere. The at- 
oms literally go into the gas tank and then out the exhaust 
Pipe. The atoms are conserved, but the øgasoline 1snt. 


Yes. A 2 kg iron brick has twice the mass as a 1 kg 
1ron brick. While on the same planet, it also has 
twice the weight as welÏ as twice the volume. 


The air inside the car has more inertia than the he- 
liưm in the helium balloon. As the car starts forward, 
the greater inertia of the air causes it to pitch back- 
wards, much like the girls head. As this air holds to 
the back of the car, the lighter helium balloon moves 
forward. A similar effect can be seen when sliding 

a bottle of water on ifs side across a table. As you 
accelerate the bottle forward, the water inside the 
bottle has an inertia that holds it back. Any bubble of 
air within the bottle thus runs forward in the direc- 
tion the bottle was pushed. 


Box A represents the greatest density because it has 
the greatest number of particles packed within the 
given volume. Because the particles of this box are 
packed close together and because they are randomly 
oriented, this box is representative of the liquid phase. 
Box C is representative of the gaseous phase, which 
OCCurs for a material at higher temperatures. There- 
fore, this box represents the highest temperature. 

For most materials, the solid phase 1s denser than 

the liquid phase. For the material represented here, 
however, the liquid phase is seen to be denser than 
the solid phase. This is the same case for water, where 
the solid phase (ïce) is less dense than the liquid 
phase (liquid water). 

Density is mass divided by volume. If the mass of 
empty space is zero, then the density of that empty 
space 1s alsO Zero. 


The kinetic energy of a pendulum bob is maximum 
where it moves fastest, at the lowest point; potential 
energy is maximum at the uppermost points. 


Yes. A car burns more gasoline when its lights are 
on. Lights and other electric devices are run off the 
battery, which “runs down” the battery. The energy 
used to recharge the battery tiltimately comes from 
the chemical potential energy of the gasoline. 


Heat never flows of itself from a lower-temperature 
substance into a higher-temperature substance. 


The glass will contract when cold and expand when 
warmed. Eill the inner glass with cold water while 
running hot water over the outer ølass to heÌlp sepa- 
rate the two. 


At cruising speed (faster than the speed of sound), 
air friction against the jet raises its temperature 
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dramatically, resulting in this significant thermal 
expansion. 


The warmth from the house causes the wood frame 
of the attic to expand, while the cool of the night 
causes the frame to contract. Às parts of the wood 
expand and other parts contract, the result 1s a creak- 
1ng noIse. 

(b) The trail lines behind each circle in this diapram 
are meant to indicate that the particles are moving 
faster. Diapgram (a) shows the particles congregated 
to one side of the box. This is an unlikely scenario 
because the motion of øaseous particles is randomly 
oriented. You may have interpreted diagram (a) to 
mean the gas was hotter, and as everyone knows, 
hot air rises. Fair enough, but notice how the trail 
lines in this đdiagram do not indicate any faster mo- 
tion. Diagram (c) shows fatter gas particles. Upon 
the addition of heat, gas particles don”t grow any 
fatter. Instead, they move faster, which is to say they 
have a greater average kinetic energy. 


At the cold temperatures of your kitchen freezer, 
water molecules in the vapor phase are moving rela- 
tively slowly, which makes it easier for them to stick 
to inner surfaces within the freezer or to other water 
molecules. 


Gas meters measure the volume of gas that passes 
through them. As the gas warms, it øains in volume 
and causes greater measurement readings in the 
meter. The gas company benefits. 


Airplane windows are small because the pressure dif- 
ference between the inside and outside surfaces results 
1n large net forces that are directly proportional to the 
windows surface area. Larger windows would have to 
be proportionately thicker to withstand the greater net 
force—windows on underwater research vessels are 
similarly small. 


The surface of the liquid inside the bottle is sealed 
off from the atmosphere, which can no longer help 
to push the beverage up through the straw into your 
mouth. 


The rubber balloon will expand unti it eventually pops. 
The material of the balloon will fall back to the Earth, 
and the helium will continue on its way to Outer space. 


To increase the pressure within the cabin of the 
airplane from 0.743 atm to 1.00 atm would require 
adding more air molecules to the cabin. This is an 
application of Avogadro“s Law. These added air mol- 
ecules have weight, which makes the plane heavier. 
As any pilot knows, the heavier the plane, the more 
fuel that must be consumed to fly at a given speed. 
The choice, therefore, is to increase the cabin pres- 
sure and slow down or decrease the cabin pressure 
and speed up. A cabin pressure corresponding to 
around 8000 feet ¡is the happy medium, althouph it 
does explain, in part, why flying can be a stress to 
the body. 
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83. The concept that matter is made of molecules came 
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about only after many questions about the behavior 
Of matter were asked. If no questions or only a few 
questions are asked, then the conclusion that mat- 
ter is made of molecules is not likely to be reached. 
How you might lead others (or yourself) to accept 
the idea of molecules is to see how well this idea 
helps to answer questions and explain observations. 
For example, is cinnamon-scented air a single mate- 
rial or a mixture of two materials? Tf it is two mate- 
rials, should it not be heavier than the same volume 
of fresh air? (It is.) Can this air be made fresh by 
passing it throuph a filter of activated charcoal? (t 
can.) Does the charcoal now smell like cinnamon? 
(It does.) Does the cinnamon smell of the charcoal 
increase or decrease as it is warmeđ? (lt increases, 
but eventually tapers off.) Does the charcoal lose 

Or gain weight as the cinnamon smell tapers off? (lt 
loses weight.) Might the charcoal be losing weight 
as tiny particles (molecules) of cinnamon evaporate 
from its surface? (That would make sense.) Notice 
that through this process, you never need to say 
that molecules exist because someone told you they 
đo. Instead, we come to conclude that molecules ex- 
ist because they offer the best explanation for what 
we observe. 


85. The scale falls because gravity pulls it downward. 


An orbiting spacecraft also falls, but the spacecraft 
1s moving sideways so fast (17,500 mph) that it falls 
aroumid the Earth rather than into it. No parking 
would be possible for a space shuttle alongside the 
observation deck. Interestingly, astronauts within 
the orbiting shuttle are as weightless as you are 
when you jump off a high dive. The only differ- 
ence is that they re moving sideways super fasf, 
which they can only do above the air drag of the 
atmosphere. Understanding the rules of nature 
helps us to appreciate nature. Furthermore, there are 
many science/technology-oriented decisions that 
we as citizens need to make—from space travel, to 
the food we eat, to global warming and more. What 
1f the entire electorate were just as informed about 
these issues as you are? Would this be a good thing? 


ElCmìentfs Of 
ChemìiStrV 


From Chapter 3 of Concepiual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^- Gold and diamond are elements in that they each 
consist of only one type of atom. 
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Matter Has Physical and 
Chemical Properties 


Elements Are Made of Atoms 


The Periodic Table Helps Ủs to 
Understand the Elements 


Elements Can Combine to Form 
Compounds 


There ls a System for Naming 
Compounds 


Most Materials Are Mixtures 


Matter Can Be Classified as Pure 
or lmpure 


The Advent of Nanotechnology 


Elermmenfts Of 
ChemìiStrV 


THE MAIN IDEA 


Elements combine to form compounds, 
which blend together to form mixtures. 


In this chapter you ]I find 26 key terms. Why all these 
new terms? In the laboratory, chemists perform experi- 
ments, make many observations, and then draw conclu- 
sions. Over time, the result is a growing body of new 
knowledge that 

inevitably exceeds the capacity of everyday language. 
New terms are needed as we attempt to describe the 
nature of matter beyond its casual appearance. 

Instead of Just memorizing the formal definitions of 
terms, you will serve yourself better by making sure 
that you understand the underlying concepts. Practice 
articulating and paraphrasing these concepts aloud 
to yourself or to a friend without looking at the book. 
When you are able to express these concepts in yOur 
own words, you will have the insight to do well in this 
course and beyond. 


The Fire-Extinguishing Gas 


You likely know that baking soda 
and vinegar combine to form a 
froth of bubbles. But what is the 
nature of the gas within these 
bubbles? 


PROCEDURE 


1. Wearing your safety goggles, 
add about a teaspoon of baking 
soda to a tall glass. 


2. Place tape on the outside of the 
glass one-third of the way up 
Trom the bottom of the glass. 

3. Slowly add about a tablespoon 
of white distilled vinegar to the 
baking soda. Allow the bubbles 
to subside before adding addi- 
tional tablespoons of the vinegar. 
Do not fill the glass with vinegar 
beyond the taped mark. 
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. Remove all flammable materials 


from around the glass, especially 
paper towels. 


. Light a wooden match and dịp the 


flame into the mouth of the glass. 
At some point the flame should 
be extinguished. Drop the match 
into the glass if it does not go out. 


ANALYZE AND CONCLUDE 
1. At what level inside the glass ¡is 


the flame extinguished? lf oth- 
ers are doing this with you, do 
their matches go out at the same 
level? Are you able to raise and 
lower the flame right at the point 
where the flame is about to be 
extinguished? Your glass is not 
sealed on top, so why doesn't the 
invisible gas it contains escape? 


. ls there a limit to the num- 


ber of times a flame can be 


+1 Matter Has Physical and Chemical Properties 


EXPLAIN THIS 


Why are physical changes typically easier to reverse than chemical changes? 


Properties that describe the look or feel of a substance, such as color, hardness, 
density, texture, and phase, are called physical properties. Every substance has 
1ts own set of characteristic physical properties that we can use to identify that 


substance (Figure 1). 


extinguished by this gas? lf you 
were to tilt the glass part way 
so that no liquid poured out, 
would anything else pour out? 
How might you tell? 


. Did the gas in the glass exist 


before you added the vinegar 
to the baking soda? ls this gas 
heavier or lighter than air? How 
else is this gas different from the 
air we breathe? 


LEARNING OBJECTIVE 


Describe how materials can be 
identified by their physical and 


chemical properties. 


The physical properties of a substance can change when conditions 
change, but that does not mean a different substance is created. Cooling 
liquid water to below 0°C causes the 
water to change to ice, but the sub- 
stance is still water, no matter what 
the phase. The only difference is how 
the HạO molecules are arranged and 
how rapidly they are moving. In the 
liquid phase, the water molecules 
tumble around one another, whereas 
in the ice phase, they vibrate about 
fixed posiHions. Water freezing ¡is 
an example of what chemists call a 
physical change. During a physical 
change, a substance changes its phase 
or some other physical property but 
not its chemical identity. As shown in 
Figure 2, water in either the liquid 
or solid phase ¡is still made of water 


Gold Diamond 


Opacity: opaque 
Color: yellowish 
Phase at 25°C: solid 
Density: 19.3 g/mL 


Opacity: transparent 
Color: colorless 
Phase at 25°C: solid 
Density: 3.5 g/mL 


w Figure † 
Gold, diamond, and water can be 
identified by their physical properties. 


Water 

Opacity: transparent 
Color: colorless 
Phase at 25°C: liquid 
Density: 1.0 g/mL 
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*ax4 Ig- — : 
(Š 'WATER CHANGES PHASE 


'J=x 


Water molecules, H;O, Water molecules, H;O, Atoms of liquid Atoms of liquid 
of liquid water of solid water (ice) mercury, Hg, mercury, Hg, at 
at25°C 100°C (expanded) 
(a) (b) 
^ Figure 2 


Two physical changes. (a) Liquid water and ice might appear to be different substances, but at the submicroscopic level, it is evident that 
both consist of water molecules. (b) At 25°C, the atoms in a sample of mercury are a certain distance apart, yielding a density of 13.5 grams 
per milliliter. At 100°C, the atoms are farther apart, meaning that each milliliter now contains fewer atoms than at 25°C, and the density is 
now 13.4 grams per milliliter. The physical property we call density has changed with temperature, but the identity of the substance remains 
unchanged: mercury is mercury. 


molecules. Likewise, the density of elemental mercury, Hg, decreases with 
increasing temperature because its atoms become spaced farther apart—but 
the mercury is still made of mercury atoms. 

Chemical properties are those that characterize the ability of a sub- 
stance to react with other substances or to transform from one substance to 
another. Figure 3 shows three examples. One chemical property of methane, 
the main component of natural gas, is that it reacts with oxygen to produce 
carbon dioxide and water, along with appreciable heat energy. Similarly, it is 


) Figure 3 

The chemical properties of substances 
determine the ways in which they can 
change into new substances. Natural gas 
and baking soda, for example, can both 
undergo chemical reactions in which 
they are transformed into carbon dioxide 
and water. Similarly, copper can be 
transformed into patina. 


Methane Baking soda Copper 

Reacts with oxygen to form carbon dioxide Reacts with vinegarto  Reacts with carbon dioxide 

and water, giving off lots of heat during form carbon dioxide and water to form the greenish- 
the reaction. and water, absorbing  blue substance called patina. 


heat during the reaction. 
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a chemical property of baking soda that it can react with vinegar to produce 
carbon dioxide and water while absorbing a small amount of heat energy. 
A chemical property of copper is that it reacts with carbon dioxide and water 
to form a greenish-blue solid known as patina. Copper statues exposed to the 
carbon dioxide and water in the air become coated with patina. The patina is 
not copper, it is not carbon dioxide, and it is not water. It is a new substance 
formed by the reaction of these chemicals with one another. 


( Œ@) |N| (G |, ly ]ƒ (S |n| |1 (G l,Š 
The melting of gold is a physical change. Why? 


CHECK YOUR ANSWER Dưring a physical change, a substance changes only 
one or more of its physical properties; its chemical identity does not change. Because 
meltedl gold ¡s still gold but in a different form, its melting is only a physical change. 


During a chemical change, there is a change in the way the atoms are 
chemicallụ boønded to one another. ÀA chemical bond ¡s the force of attraction 
between two atoms that holds them together in a compound. A methane mol- 
ecule, for example, is made of a single carbon atom bonded to four hydrogen 
atoms, and an oxygen molecule is made of two oxygen atoms bonded to each 
other. Figure 4 shows the chemical change in which the atoms in a methane 
molecule and those in two oxygen molecules first pull apart and then form new 
bonds with different partners, resulting in the formation of molecules of carbon 
đioxide and water. 

Any change ïn a substance that involves a rearrangement of the way atoms 
are bonded ¡s called a chemical change. Thus, the transformation of methane 
and oxygen to carbon dioxide and water is a chemical change, as are the other 
two transformations shown in Figure 3. 

The chemical change shown in Figure 5 occurs when an electric current is 
passed through water. The energy of the current is sufficient to pull bonded 
atoms away from each other. Loose atoms then form new bonds with dií- 
ferent atoms, which results in the formation of new molecules. Thus, water 
molecules are changed to molecules of hydrogen and oxygen, two substances 
that are very different from water. The hydrogen and oxygen are both gases 
at room temperature, and they can be seen as bubbles rising to the surface of 
the liquid. 

In the language of chemistry, materials undergoing a chemical change are 
said to be ?eacfins. Methane reacts with oxygen to form carbon dioxide and water. 
Water reacts when exposed to electricity to form hydrogen gas and oxygen øas. 
Thus, the term chermical chanse means the same thing as chemical reacHon. During 
a chemical reaction, new materials are formed by a change in the way atoms are 


Oxygen «ồ đỒ : 
«8 cò Water .› 
- 
°) Carbon 
«- dioxide 


Methane 


^ Figure 4 

The chemical change in which molecules of methane and oxygen transform to molecules of carbon 
dioxide and water, as atoms break old bonds and form new ones. ln this sort of illustration, note 
that each sphere represents an atom, while a set of joined spheres represents a molecule. 


"- —..- 


What happens to the atoms within 
a molecule undergoing a chemical 
reaction? 


CHEMICAL 
CONNECTIONS 
Chemically speaking, how is 
your fingernail connected to 
the air? 
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} Figure 5 

Water can be transformed to hydrogen 
gas and oxygen gas by applying the 
energy of an electric current. This 

is a chemical change, because new 
materials (the two gases) are formed as 
the atoms originally found in the water 
molecules are rearranged. 


Liquid water, HạO 


CHEMICAL CHANGE - Gaseous oxygen, O; 


Gaseous hydrogen, H; 


bonded together. Again, for emphasis, đuring a chemical reactiơn, nretU 1iaterinls are 
ƒormed bụ a change In the tua atoms are bonded tosether. 


Distinguishing Physical and Chemical Changes 
Can Be Difficult 


After a physical change, the molecules are the same as the ones you started 
with. After a chemical change, the original molecules no longer exist and new 
ones are in their place. In both cases, however, there is a change in physical 
appearance. Frozen water and melted water, for example, look very different. 
Likewise, iron and rust look very different (Figure 6). So how can you quickly 
determine whether an observed change is physical or chemical? After all, we 
cant see the individual molecules. 

There are two powerful guidelines that can help you distinguish between 
physical and chemical changes. First, in a physical change, a change in appear- 
ance is the result of a new set of conditions imposed on the original material. 
Restoring the original conditions restores the original appearance: frozen water 
melts upon warming. Second, in a chemical change, a change in appearance 
1s the result of the formation of a new material that has its own unique set of 
physical properties. The more evidence you have suggesting that a different 
material has been formed, the greater the likelihood that the change is a 
chemical change. Iron is a moldable metal that can be used to build cars. Rust 
1s a reddish solid that readily falls apart. This suggests that the rusting of iron 
1s a chemical change. 
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^ Figure ó 

The transformation of water to ice and the transformation of iron to rust both involve changes 
in physical appearance. The formation of ice is a physical change, whereas the formation of rust 
is a chemical change. But how do we know? 


CÔ MCGEPTCGHECK 

Each sphere in the following diagrams represents an atom. Joined spheres 
represent molecules. One set of diagrams shows a physical change, and 
the other shows a chemical change. Which ¡is which? 


t (@“ sms 
c° ĐỀ v, 
- ®© ˆ| laee®é 
t (@ †<. 


* | 265%» 


B 


CHECK YOUR ANSWER In set A, the molecules before and after the change are 
the same. They differ only in their positions. Set A, therefore, represents only a physical 
change. In set B, new molecules, consisting of bonded red and blue spheres, appear 
after the change. These molecules represent a new material, so set B represents a 
chemical change. 


Figure 7 shows potassium chromate, a material whose color depends on 
its temperature. At room temperature, potassium chromate is a bright canary 
yellow. At higher temperatures (above 660°C), it is a deep reddish orange. 
Upon cooling, the canary color returns, suggesting that the change is physical. 
With a chemical change, reverting to the original conditions does not restore 
the original appearance. Ammonium dichromate, shown in Figure 8, is an 
orange material that, when heated, explodes into ammonia, water vapor, 
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) Figure 7 

When heated, potassium chromate 
changes from yellow to orange. After 
cooling, the original yellow color is restored. 


) Figure 8 

When heated, orange ammonium 
dichromate undergoes a chemical 

change to ammonia, water vapor, and 
chromiumi(ll) oxide. A return to the original 
temperature does not restore the orange 
color, because the ammonium dichromate 
is no longer there. 


and green chromium(IIH) oxide. When the test tube is returned to the original 
temperature, there is no trace of orange ammonium dichromate. In its place are 
new substances having completely different physical properties. 


6G G00 CC Erhii©cHECK 


Evan has grown an inch in height over the past year. ls this change best 
described  as the result of a physical or a chemical change? 


..Ủ  n. 


How do we account for the great 
variety of substances in the world? 


CHECK YOUR ANSWER Are new materials being formed as Evan grows? 
Absolutely—created out of the food he eats. His body ¡is very different from, say, the 
spaghetti he ate yesterday. Yet, through some very advanced chemistry, his bod|y is 
able to absorb the atoms of that spaghetti and rearrange them into new materials. 
Biological growth, therefore, is the result of chemical changes. 
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2 Elements Are Made of Atoms 


EXPLAIN THIS 
Why isn”t water an element? 


]t may seem that there must be many different kinds of atoms to account for the 
many different type of substances—from wood to steel to chocolate ice cream. 
But the number of different kinds of atoms is surprisingly smaill. The great 
variety of substances results from the many ways a few kinds of atoms can be 
combined. Just as the three colors red, green, and blue can be combined to form 
any color on a computer screen or the 26 letters of the alphabet make up all the 
words in a dictionary, only a few kinds of atoms combine in different ways to 
produce all substances. To date, we know of sliphtly more than 100 different 
kinds of atoms. Of these, about 90 are found in nature. The remaining atoms 
have been created in the laboratory. 

Any material consisting of only one type of atom ¡is classified as an 
element. A few examples are shown in Figure 9. Pure gold, for example, is an 
element—it contains only gold atoms. Similarly, one of the øases in air is nitro- 
gen, an element. Nitrogen gas is an element because it contains only nitrogen 
atoms. Likewise, the graphite in your pencil is an element——carbon. Graphite 
1s made up solely of carbon atoms. All of the elements are organized in a chart 
called the periodic table, shown in Figure 10. 

As you can see from the periodic table, each element is designated by its 
atomic symbol, which comes from the letters of a word associated with that 
elemert. For example, the atomic symbol for carbon is C, and that for chlorine 
is CÏ. In many cases, the atomic symbol ¡is derived from the elements Latin 
name. Gold has the atomic symbol Au after its Latin name, ø7un. Lead has the 
atomic symbol Pb after its Latin name, plumbum (Figure 11). Elements having 
symbols derived from Latin names are usually those discovered earliest. Note 
that only the first letter of an atomic symbol is capitalized. The symbol for the 
element cobalt, for instance, is Co, while CƠ is a combination of two elements: 
carbon, C, and oxygen, O. 
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58 59 60 61 62 3 64 65 66 67 68 69 70 71 


| Ce | Pr | Nd |Pm | Sm | Eu |Gd| Tb | Dy |Ho | Er | Tm | Yb | Lu 
\ 90 91 92 93 94 95 96 97 98 99 100 | 101 102 | 103 


Thị Pa | U |Np | Pu |Am |Cm| Bk | Cf | Es |Fm |AAd [No | Lr 


^ Figure 10 
The periodic table lists all the known elements. As of this writing, scientists have yet to confirm 
evidence for the existence of a few of the heaviest elements shown here in gray. These 
ultramassive atoms are generally very unstable and difficult to create in the laboratory. When 
formed, they tend to exist for only fractions of a second. 


LEARNING OBJECTIVE 


Recognize the elements of the 
periodlic table as the fundamental 
building blocks of matter. 


Atomic symbol 
for gold 


Au 


A gold atom 


The element gold 


Atomic symbol 
for nitrogen 


N 


A nitrogen atom in 
a nitrogen molecule 


The element nitrogen 


Atomic symbol 
for carbon 


C 


A carbon atom 


The element carbon 


^ Figure 9 

Any element consists of only one kind of 
atom. Gold consists of only gold atoms, 
a flask of gaseous nitrogen consists of 
only nitrogen atoms, and the carbon of 
a graphite pencil consists of only carbon 
atoms. 
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&@ FORYOUR 
INFORMATICON 

An element whose discovery has yet 
to be confirmed is simply named by 
ts number, where un = 1, bi = 2, 

tri = 3, and so forth. The as-yet-to-be 
confirmed element 118, for example, 
is provisionally named ununoctium, 
with the atomic symbol Uuo. The 
scientific organization in charge of 
naming elements is the International 
Union of Pure and Applied Chemistry, 
www.lUPAC.org. 


^ Figure 11 


A plumb bob, a heavy weight attached to a string and used by carpenters and surveyors 
to establish a straight vertical line, gets it name from the lead (plumbum, Pb) that is still 
sometimes used as the weight. Plumbers got their name because they once worked with 
lead pipes. Because of lead's toxicity, copper or PVC pipes are now used. 


The terms clemenf and afom are often used in a similar context. You might 
hear, for example, that gold is an element made of gold atoms. Generally, ele- 
1nenf 1s used 1n reference to an entire macroscopic or microscopic sample, and 
atơm 1s used when speaking of the submicroscopic particles in the sample. The 
important distinction is that elements are made of atoms and not the other 
way around. 

The number of atoms that arrange themselves in a unit of an element 1s 
shown by the elemental formula. For elements in which two or more atoms 
are bonded into molecules, the elemental formula is the chemical symbol 
followed by a subscript indicating the number of atoms in each molecule. Eor 
example, elemental nitrogen, as was shown in Eigure 9, consists of molecules 
containing two nitrogen atoms per molecule. Thus, N; is the elemental 
formula given for atmospheric nitrogen. Similarly, atmospheric oxygen has 
the elemental formula O;, while the elemental formula for sulfur is S5. For 
elements in which the basic units are individual atoms (not molecules), the 
elemental formula is simply the chemical symbol. This is the case for most ele- 
ments. lo name two examples, Au is the elemental formula for gold, and Lï is 
the elemental formula for lithium. 


CO AI C65 pb6T1CHE5=CGCK 


The oxygen we breathe, ©¿, is converted to ozone, ©z, in the presence of 
an electric spark. ls this a physical or chemical change? 


FORYOUR 
&@ INFORMATICON 
Carbon is the only element that can 
form bongs with itself indefinitely. 
Sulfur“s practical limit is Sạ, and 
nitrogen“s limit is around Na;. The 


elemental formula for a 1-carat 
diamond, however, is about 


CHECK YOUR ANSWER When atoms regroup, the result is an entirely new 
substance, and that is what happens here. The oxygen we breathe, O¿, is odorless and 
life-giving. Ozone, Ox, can be toxic and has a pungent smell commonly associated with 
electric motors. The conversion of O; to Oa ¡s therefore a chemical change. However, 
both O¿ and O¿ are elemental forms of oxygen. 


 10,000,000,000,000,000,000,000- 
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3 The Periodic Table Helps Us to Understandl the Elements 


EXPLAIN THIS 


How is the periodic table like a dictionary? 


The periodic table is so much more than a mere listing of known elements. 
Most notably, the elements are organized in the table based upon their physi- 
cal and chemical properties. One of the most apparent examples is the way the 
elements are grouped as metals, nonmetals, and metalloids. 

As shown ín Figure 12, most of the known elements are metals, which are 
characterized as being shiny, opaque, and good conductors of electricity and 
heat. Metals are ?lleable, which means they can be hammered into different 
shapes or bent without breaking. They are also đucHle, which means they can 
be drawn into wires. All but a few metals are solid at room temperature. The 
exceptions include mercury, Hg; gallium, Ga; cesium, Cs; and francium, Er, 
which are all liquids at a warm room temperature of 30°C (86°F). Another 
interesting exception is hydrogen, H, which takes on the properties of a liquid 


About 50,000 pounds of 
synthetic diamonds, 

a form of carbon, 
are produced 
each year. X: 


C 


AIloys of tỉtanium are 
relatively strong and 
resistant to corrosion, 


which makes them useful 
for hip implants. 


lf this silver mug were 
filled with boiling water, 
the handle would quickly 
become too hot to handle, 
because silver is one of the 
best conductors of heat. 


Cylinders of ` 
99.9999 percent pure`.. 
silicon are sliced into 


wafers for the manufacture 
of integrated circuits. 


Zinc has a low melting 
point and is commonly 
used in making coins. 


LEARNING OBJECTIVE 


ldentify how elements are 
organized in the periodlic table. 


__Ñ`"".. 


Name two physical properties 
of metals. 


Helium is formed 
underground 

as a by-product 
of radioactive 
decay. 


He 


Họ 


21 2 23 24 25 
Sc|Ti| V |Œ |Mn 
S90 IEE200IIP2T|I22209225) 
Y | Zr |Nb |A@o| Tc |! 


Mercury freezes at 


Bromine is a dark 
P orange liquid that 
readily vaporizes at 


—40°C and is a liquid 


room temperature. 


59 
Pr 


at room temperature. - 


91 


Pa 


102 


| Metal Metalloid 


Nonmetal 


^ Figure 12 


The periodic table color-coded to show metals, nonmetals, and metalloids. 


Not yet confirmed 


r3 


^ Figure 13 

Hydrogen exists as a liquid metal deep 
beneath the surfaces of Jupiter (shown 
here) and Saturn, where pressures are 
exceedingly high. 


FORYOUR 


lđ® INFORMATION 


Most nonmetallic materials do not 
conduct electricity. An ¡important 
exception is a material called gra- 
phene, which is a one atom thick sheet 
of carbon atoms. The graphite in your 
pencil is made of stacks of graphene. 
The nanotubes discussed in Section 
3.8 are graphene sheets rolled into 
tubes. All these materials conduct 
electricity rather well, which leads to 
many useful applications. Sheets of 
graphene, for example, are used to 
make ultra-thin and flexible OLED dis- 
play screens. 


Please pu† †o res† any 
fear you may have abou† 
needing †o memorize The 
periodic †able, or even 
par†s of i†—be†fer †o 
focus on †he many grea† 
concep†s behind i†s 
organiza†ion. 
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metal only at very high pressures (Figure 13). Under normal conditions, hydro- 
gen behaves as a nonmetallic gas. 

The nonmetallic elements, with the exception of hydrogen, are on the right 
hand side of the periodic table. Most nonmetals are poor conductors of electricity 
and heat. Solid nonmetals tend to be neither malleable nor ductile. Rather, they 
are brittle and shatter when hammered. At 30°C (86°F), some nonmetals are solid 
(carbon, C), others are liquid (bromine, Br), and still others are gaseous (helium, He). 

Six elements are classified as metalloids: boron, B; silicon, Si; germanium, 
Ge; arsenic, As; antimony, Sb; and tellurium, Te. 5ituated between the metals 
and the nonmetals in the periodic table, the metalloids have both metallic and 
nonmetallic characteristics. For example, these elements are weak conductors 
of electricity, which makes them useful as semiconductors in the inteprated 
circuits of computers. Note from the periodic table how germanium (number 32) 
1s closer to more metals than nonmetals. Because of this positioning, we can 
deduce that germanium has more metallic properties than silicon (number 14) 
and is a slightly better conductor of electricity. So we find that integrated 
circuits fabricated with germanium operate faster than those fabricated with 
silicon. Because silicon is much more abundant and less expensive to obtain, 
however, silicon computer chips remain the industry standard. 


Periods and Groups 


TWwo other important ways in which the elements are organized ín the periodic 
table are by horizontal rows and vertical columns. Each horizontal row is called 
a period, and each vertical column is called a group (or a ƒl). As shown in 
Figure 14, there are Z periods and 18 groups. 

Across any period, the properties of elements gradually change. This gradual 
changse is called a periodic trend. For example, as is shown in Figure 15, the size 
of atoms generally decreases from left to right across any period. Note that the 
trend repeats from one horizontal row to the next. This phenomenon of repeating 
trends is called øeriodicrfy, a term used to indicate that the trends recur in cycles. 
Each horizontal row 1s called a øeriod because it corresponds to one full cycle of 
a trend. There are many other properties of elements that change gradually in 
moving across a row of the periodic table. 


GROUPS 
5 6 7 8 9 10 11 12 13 14 15 16 17 


1—>|H 


2> 


3— 


PERIODS 4—> 
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6> 


= \ Cn 


58 59 60 61 62 63 64 65 66 67 68 69 70 HỘI 
Sixth-period subset— | Ce | Pr | Nd | Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lụ 
90 91 92 93 94 95 96 97 98 99 100 T01 102 103 


Seventh-period subset —> '| Th | Pa | U [Np | Pu |Am |Cm | 8k | Cí | Es |Fm | AAd [No | Lr 


^ Figure 14 

The 7 periods (horizontal rows) and 18 groups (vertical columns) of the periodic table. Note 
that not all periods contain the same number of elements. Also note that, for reasons explained 
later, the sixth and seventh periods each include a subset of elements, which are listed apart 
from the main body. 
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GROUPS 
9 10 11 12 


PERIODS 


Cu Ga Ge As Se Br 


e¿ooaaaeaaae 


Rh Pd Ag Cd Tn Snh S9 Te TI Xe 


CGONGEFPTCHEECKE 


Which are larger: atoms of cesium, Cs (number 55), or atoms of radon, 
Rn (number 8é)? 


CHECK YOUR ANSWER Perhaps you tried looking to Figure 15 to answer this 
question and quickly became frustrated because the sixth-period elements are not 
shown. Well, relax. Look at the trends and you ÌÌ see that in any one period, all atoms 
to the left are larger than those to the right. Accordingly, cesium is positioned at the 
†ar left of period ó, and you can reasonably predict that its atoms are larger than those 
of radon, which is positioned at the far right of period ó. The periodic table ¡is a road 
map to understanding the elements. 


Down any group (vertical column), the properties of elements tend to be 
remarkably similar, which ¡is why these elements are said to be “grouped” 
or “in a family.”“ As Figure 16 shows, several groups have traditional names 
that describe the properties of their elements. Early in human history, people 
discovered that ashes mixed with water produce a slippery solution useful for 
removing grease. By the Middle Ages, such mixtures were described as being 
alkaline, a term derived from the Arabic word for ashes, al-gali. Alkaline mix- 
tures found many uses, particularly in the preparation of soaps (Figure 17). 
We now know that alkaline ashes contain compounds of group 1 elements, 


1 18 

2 13 14 15 16 17 
B|C|N|O 

3 4 5 6 7 8 9 10 11 12|A|SIP|E lế 

NG ỗ|§ 

GS&o£famoàs 8 | 6 

names € | # 
Tnl|Sn|SbIta 

TI |Pb | Bi | Po 

Uu†| FI [Uup | Lv [Uus 


^ Figure 1ó 


The common names for various groups of elements. 


4 Figure 15 

The size of atoms gradually decreases 
in moving from left to right across 
any period. Atomic size is a periodic 
(repeating) property. 


FORYOUR 
&@ INFORMATION 
The carat is the common unit used 
to describe the mass of a gem. 
A 1.0 carat diamond, for example, 
has a mass of 0.20 grams. The karat 
is the common unit used to describe 
the purity of a precious metal, such as 
gold. A 24-karat gold ring is as pure 
as can be. A gold ring that is 
50 percent pure is 12-karat gold. 


f5 


} Figure 17 
Ashes and water make a slippery alkaline 
solution once usedl to clean hands. 


FORYOUR 


3 INFORMATION 


The air inside a traditional 
incandescent light bulb is a mixture of 
nitrogen and argon. As the tungsten 
filament is heated, minute particles of 
tungsten evaporate—much like steam 
leaving boiling water. Over time, these 
particles are deposited on the inner 
surface of the bulb, causing the bulb 
to blacken. Losing its tungsten, the 
filament eventually breaks and the bulb 
has “burned out.” 


Ha ae: 


List several common transition metals. 


FORYOUR 


®) INFORMATION 


A halogen incandescent light bulb 
contains trace amounts of a halogen 
gas, such as iodine or bromine. 
Tungsten atoms evaporating from the 
white hot tungsten filament combine 
with the halogen atoms rather than 
being deposited on the inner surface 
of the bulb, which remains clear. 
Furthermore, the halogen-tungsten 
combination splits apart when it 
touches the hot filament. This alloòws 
the tungsten to be deposited onto 
the filament, thereby restoring the 
filament. This is why halogen lamps 
have such long lifetimes. 
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most notably potassium carbonate, also known as potash. Because of this 
history, group 1 elements, which are metals, are called the alkal: mmetals. 

Elements of proup 2 also form alkaline solutions when mixed with water. 
Furthermore, medieval alchemists noted that certain minerals (which we now 
know are made up of group 2 elements) do not melt or change when put in 
fire. These fire-resistant substances were known to the alchemists as “earth.” 
As a holdover from these ancient times, group 2 elements are known as the 
qalknline-earth 1metals. 

Over toward the right side of the periodic table, elements of group 16 are 
known as the chalcoeens (“ore-forming” in Greek), because the top two elements 
of this group, oxygen and sulfur, are so commonly found in ores. Elements of 
group 17 are known as the zlosens (“salt-forming” in Greek), because of their 
tendency to form various salts. Group 18 elements are all unreactive gases that 
tend not to combine with other elements. For this reason, they are called the 
inert oble øases, presumably because the nobility of earlier times were above 
interacting with common folk. 

The elements of groups 3 through 12 are all metals that do not form 
alkaline solutions with water. These metals tend to be harder than the 
alkali metals and less reactive with water; hence, they are used for struc- 
tural purposes. Collectively, they are known as the fransiHion mefais, a name 
that denotes their central position in the periodic table. The transition 
metals include some of the most familiar and important elements——iron, 
Fe; copper, Cu; nickel, Ni; chromium, Cĩ; silver, Ag; and gold, Au. They 
also include many lesser-known elements that are nonetheless important 
in modern technology. People with hip implants appreciate the transition 
metals titanium, Ti; molybdenum, Mo; and manganese, Mn, because these 
noncorrosive metals are used in implant devices. 


CONCEPTCHECK 


The elements copper, Cu; silver, Ag; and gold, Au, are three of the 

†ew metals that can be found naturally in their elemental state. These 
three metals have found great use as coins and jewelry for a number 

of reasons, including their resistance to corrosion and their remarkable 
colors. How ¡s the fact that these metals have similar properties reflected 
in the periodic table? 


CHECK YOUR ANSWER Copper (number 29), silver (number 47), and gold 
(number 79) are all in the same group in the periodlic table (group 11), which suggests 
they should have similar—though not identical—properties. 
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Within the sixth period is a subset of 14 metallic elements (numbers 58 to 
Z1) that are quite unlike any of the other transition metals. A similar subset 
(numbers 90 to 103) is found within the seventh period. These two subsets 
are the /nner transition 1netals. Inserting the inner transition metals into the 
main body of the periodic table, as in Figure 18, produces a long and cum- 
bersome table. So that the table can fit nicely on a standard paper size, these 
elements are commonly placed below the main body of the table, as shown 
1n Figure 19. 

The sixth-period inner transition metals are called the lznfharides, because 
they fall after lanthanum, La. Because of their similar physical and chemical 
properties, they tend to occur mixed together in the same locations in the earth. 
AIlso because of their similarities, lanthanides are unusually difficult to purify. 
Recently, the commercial use of lanthanides has increased. Several lanthanide 
elements, for example, are used in the fabrication of the light-emitting diodes 
(LEDs) of computer monitors and flat screen televisions. 

The seventh-period inner transition metals are called the acfimiđes, because 
they fall after actinium, Ac. They, too, all have similar properties and hence are 
not easily purified. The nuclear power industry faces this obstacle because it 


Inner transition metals 
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< .Actinides > 


FORYOUR 


&@ INFORMATION 


The Hanford nuclear facility in 
central Washington state, from 

1943 to 198ó, produced 72 tons 

of plutonium, nearly two-thirds 

the nation“s supply. Creating this 
much plutonium generated an 
estimated 450 billion gallons of 
radioactive and hazardous liquids, 
which were discharged into the local 
environment. Today, some 53 million 
gallons of high-level radioactive 

and chemical wastes are stored in 
177 underground tanks. 


4 Figure 18 

Inserting the inner transition metals 
between atomic groups 3 and 4 results in 
a periodic table that is not easy to fit on a 
standard sheet of paper. 


4 Figure 19 

The typical display of the inner transition 
metals. The count of elements in the sixth 
period goes from lanthanum (La, 57) to 
cerium (Ce, 58), on through to lutetium 
(Lu, 71), and then back to hafnium 

(Hf, 72). A similar jump is made in the 
seventh period. 
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LEARNING OBJECTIVE 


Contrast compounds with the 
elements from which they are 
created. 


ÔÖÔÑÉ""s 


Wlhy is the formation of a chemical 
compound an example of a 
chemical change? 


Sodium chloride, NaCl 


Hydrogen 


Nitrogen 2 


Ammonia, NH; 


^ Figure 20 

The compounds sodium chloride and 
ammonia are representedl by their chemical 
formulas, NaCl and NHạ. A chemical 
formula shows the ratio of atoms that 
constitute the compound. 
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requires purified samples of two of the most publicized actinides: uranium, Ù, 
and plutonium, Pu. Actinides heavier than uranium are not commonly found 
in nature but are synthesized in the laboratory. 


4 Elements Can Combine to Form Combounds 


EXPLAIN THIS 
How are compound:s different from elements? 


'When atoms of đ/ƒerent elements bond to one another, they make a compound. 
Sodium atoms and chlorine atoms, for example, bond to make the compound 
sodium chloride, commonly known as table salt. Nitrogen atoms and hydrogen 
atoms joïn to make the compound ammonia, which is a common household 
cleaner. The formation of a compound is a chemical change, because it involves 
the formation of a fundamerntally different material. 

A compound is represented by its chemical formula, in which the symbols 
for the elements are written together. The chemical formula for sodium chloride 
1s NaC], and that for ammonia is NHạ. Numerical subscripts indicate the ratio 
in which the atoms combine. By convention, the subscript 1 is understood and 
omitted. So the chemical formula NaC] tells us that in the compound sodium 
chloride there is one sodium atom for every chỈlorine atom. The chemical 
formula NHạ tells us that in the compound ammonia there is one nitrogen atom 
for every three hydrogen atoms, as Figure 20 shows. 

Compounds have physical and chemical properties that are completely 
đifferent from the properties of their constituent elements. The sodium chloride, 
NaC], shown in Figure 21 is very different from elemental sodium and elemental 
chlorine. Elemental sodium, Na, consists of nothing but sodium atoms, which 
form a soft, silvery metal that can be cut easily with a knife. Its melting point 
1s 97.5°C, and it reacts violently with water. Elemental chlorine, Clạ, consists of 
chlorine molecules. This material, a yellow-green gas at room temperature, is 
very toxic, and it was used as a chemical warfare agent during World War I. Its 
boiling poïnt is —34°C. The compound sodium chloride, NaC], is a transparent, 
brittle, colorless crystal with a melting poïnt of 800°C. Sodium chloride does not 
react chemically with water the way sodium does. It is not toxic like chlorine—in 
fact, sodium chloride is an essential nutrient for all living organisms. Sodium 
chloride is not sodium, nor is it chlorine; it is uniquely sodium chÏloride, a tasty 
chemical when sprinkled lightly over popcorn. 


COM(C EPE II CHECK 


Hydrogen sulfide, HS, ¡is an offensively smelly compound. Rotten eggs 
get their characteristically unpleasant smell from the hydrogen sulfide 
they release. Can you conclude from this information that elemental 
sulfur, Sạ, is just as smelly? 


CHECK YOUR ANSWER No, you cannot. In fact, the odor of elemental sulfur is 
negligible compared with that of hydrogen sulfide. Compounds are truly different from 
the elements from which they are formed. Hydrogen sulfide, HS, ¡s as different from 
elemental sulfur, Sạ, as water, HạO, is from elemental oxygen, Os. 
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Sodium metal and chlorine gas react to form 


^ Figure 21 

Sodium metal and chlorine gas react together to form sodium chloride. Although the compound 
sodium chloride is made of sodium and chlorine, the physical and chemical properties of sodium 
chloride are very different from the physical and chemical properties of either sodium metal or 
chlorine gas. 


5 There ls a System for Naming Compounds 


EXPLAIN THIS 
What information is found within the name of a compound? 


A system for naming the countless number of possible compounds has been 
developed by the International Union for Pure and Applied Chemistry (TUPAC). 
Thịs system is designed so that a compound“s name reflects the elements it con- 
taïns and how those elements are joined. Anyone familiar with the system can 
figure out the chemical identity of a compound from its systematic name. 

As you might imagine, this system ¡is very complex. However, there is 
no need for you to learn all its rules. Instead, learning some guidelines will 
prove most helpful. These guidelines alone will not enable you to name every 
compound. They will acquaint you with the way the system works for many 
simple compounds consisting of only a few elements. 

Atoms are held together in a chemical compound by their electrical 
charges. Whether an atom within a compound takes on a positive or nega- 
tive charge can be predicted by its place in the periodic table. The atom of an 
element located closer to the left side of the periodic table tends to take on a 
positive charge, while the atom of an element placed closer to the right side 
of the periodic table takes on a negative charge. This applies to the naming of 
compounds ïn that the more positively charged atom is, by convention, listed 
first. Thats why we have “sodium chloride,“ rather than “chloride sodium” 
as spelled out in guideline 1—note that sodium, Na, is on the left hand side 
of the periodic table and chlorine, CÍ, ¡is on the right hand side. 


sodium chloride. 


LEARNING OBJECTIVE 


List three guidelines used to name 
compounds. 


":-..-...- 


How can you tell whether an atom 
within a compound takes on a positive 
or negative charge? 
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TABLE †1 


NAME 


Common Polyatomic lons 


FORMULA 
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Acetate ion 
Ammonium lon 
Bicarbonate ion 
Carbonate ion 
Cyanide ion 
Hydroxide ion 
Nitrate ion 
Phosphate ion 


Sulfate ion 


CH;CO;- 
NHạ* 


HCO:- 


(O= 


CN- 
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GUIDELINE ¡ The name of the element farther to the left in the periodic 
table is followed by the name of the element farther to the right, with the suffix 
“-ide” added to the name of the latter: 


NaCl  Sodium chloride MgO_ Magnesium oxide 
LiạO Lithium oxide HCI Hydrogen chloride 
CaF; Calcium fluoride S2; Strontium phosphide 


GUIDELINE 2 When two or more compounds have different numbers 
of the same elements, prefixes are added to remove the ambiguity. This occurs 
piimarily with compounds of nonmetals. The first four prefixes are 7010- (one), 
đi- (two), tri- (three), and fefra- (four). The prefix ono-, however, is commonly 
omitted from the beginning of the first word of the name: 


Carbon and oxygen 
CO Carbon monoxide 
CO; Carbon đioxide 


NÑitrogen and oxygen 
NO; Nitrogen dioxide 
NO¿_ Dinitrogen tetroxide 


Sulfur and oxygen 
SO; Sulfur dioxide 
SOs  Sulfur trioxide 


GUIDELINE 3 Atoms can clump together to form a molecular unit that 
acts as a single electrically charged group, called a øolyatơrric iơn. For example, 
a carbon atom can join with three oxygen atoms to form what is known as a 
carbonate ion, CO;?~. SẴome commonly encountered polyatomic ions are shown 
in Table 1. Note that most of them are negatively charged. For now it suffices 
to recognize that positively charged polyatomic Ions are listed first within 
the name (without the word ion). An example is ammonium chloride, NH„CI. 
Negatively charged polyatomic ions are placed at the end of the name. An 
example is lithium mitrate, LINO+¿. 

A polyatomic ion may appear more than once within a compound. This 
is indicated by placing the polyatomic ion within parentheses. A subscript 
just outside the parentheses indicates the number of times the polyatomic ion 
appears. To keep it simple, the prefixes Of ơno-, đi-, tr¡-, and tefra- are com- 
monly not included for polyatomic Ions. 


K;COa Potassium carbonate 
AuPO, Gold phosphate 
Mg(CN);  Magnesium cyanide 
AIl;(SO¿)s Aluminum sulfate 


GUIDELINE 4 Many compounds are not usually referred to by their 
systematic names. Instead, they are assipned common names that are more 
convenient or have been used traditionally for many years. Some common 
names are water for HO, ammonia for NH:, and methane for CH¡. 


C ON CEPTCHEGRK 


What ¡is the systematic name for Ca(CHaCO2);? How many oxygen atoms 
does it have? 


CHECK YOUR ANSWER The systematic name for this compound, which consists 
of calcium and the polyatomic acetate ion, is calcium acetate. Each acetate ion has two 
oxygen atoms. This compound  has two acetate ions, which means it has a total of four 
oxygen atoms. 
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6 Most Materials Are Mixtures 


EXPLAIN THIS 


Does 500 mL of sugar-sweetened water also contain 500 mL of water? 


A mixture is a combination of two or more substances in which each substance 
retains its properties. Most materials we encounter are mixtures: mixtures Of 
elements, mixtures of compounds, or mixtures of elements and compounds. 
Stainless steel, for example, is a mixture of the elements iron, chromium, nickel, 
and carbon. Seltzer water is a mixture of the liquid compound water and the 
g8aseous compound carbon dioxide. Qur atmosphere, as Figure 22 illustrates, 1s 
a mixture of the elements nitrogen, oxygen, and argon plus small amounts of 
such compounds as carbon dioxide and water vapor. 

Tap water is a mixture containing mostly water but also many other 
compounds. Depending on your location, your water may contain compounds 
of calcium, magnesium, fluorine, iron, and potassium; chlorine disinfectants; 
trace amounts of compounds of lead, mercury, and cadmium; organic 
compounds; and dissolved gases like oxygen, nitrogen, and carbon dioxide 
(Figure 23). While it is surely important to minimize any toxic components in 
your drinking water, it is unnecessary, undesirable, and impossible to remove 
all other substances from it. Some of the dissolved solids and gases give water 
1ts characteristic taste, and many of them promote human health: flưoride com- 
pounds protect teeth, chlorine destroys harmful bacteria, and as much as 10 
percent of our daily requirement for iron, potassium, calcium, and magnesium 
1s obtained from drinking water (Figures 24). 

There is a difference between the way substances—either elements or 
compounds—combine to form mixtures and the way elements combine to 
form compounds. Each substance in a mixture retains its chemical identity. 
The sugar molecules in the teaspoon of sugar in Figure 25, for example, are 
identical to the sugar molecules already in the tea. The only difference is that 


Component Percent composition 


Nitrogen,Ñ; 78% 
Oxygen, O; 21% 
Argon, Ar 0.9% 
Water, H;O 0-4% (variable) 


Carbon dioxide, CO; 0.034% (variable) 


^ Figure 22 
The Earth's atmosphere is a mixture of gaseous elements and compounds. Some of them are 
shown here. 


LEARNING OBJECTIVE 


Recognize mixtures and show 
how they can be separated by 
physical means. 


^ Figure 23 

Most of the oxygen, (O¿), in the air 
bubbles produced by an aquarium aerator 
escapes into the atmosphere. Some of the 


oxygen, however, mixes with the water. Ít is 


this oxygen the fish depend on to survive. 
Without this dissolved oxygen, which 
they extract with their gills, the fish would 
promptly drown. So fish don“t “breathe” 
water. They breathe the oxygen, Oa, 
dissolved in the water. 
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^ Figure 24 

Tap water provides us with HạO as well as 
a large number of other compounds, many 
of which are flavorful and help us grow. 
Bottoms upl 


__ TỶ 


How do we separate the components 
of a mixture? 


Symbol for sugar ) 


molecule, which is Sugar 


sucrose, C¡;H;zO: 


^ Figure 25 
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the sugar molecules in the tea are mixed with other substances, mostly water. 
The formation of a mixture, therefore, is a physical change. 

As was discussed in Section 4, when elements join to form compounds, 
there is a change in chemical identity. Sodium chloride is not a mixture of 
sodium and chlorine atoms. Instead, sodium chloride is a compound, which 
means it is entirely different from the elements used to make it. The formation 
of a compound is therefore a chemical change. 


€ €©NIG Erb ICHECK 


So far, you have learned about three kinds of matter: elements, 
compounds, and mixtures. Which of the following boxes contains only an 
element? Which contains only a compound? Which contains a mixture? 


& œ se | ® @@ 


^ B € 


CHECK YOUR ANSWER The molecules in box A each contain two different 
types of atoms and so are representative of a compound. The molecules in box B 
each consist of the same atoms and so are representative of an element. Box C is a 
mixture of the compound and the element. 

Note how the molecules of the compound and those of the element remain 
intact in the mixture. That is, upon the formation of the mixture, there is no exchange 
of atoms between the components. 


Mixtures Can Be Separated by Physical Means 


The components of mixtures can be separated from one another by taking 
advantage of differences in the components“ physical properties. A mixture of 
solids and liquids, for example, can be separated using filter paper through 
which the liquids pass but the solids do not. This is how coffee is often made: 


Sugar in tea 


Table sugar is a compound consisting of only sucrose molecules. Once these molecules are mixed into hot tea, they become 
interspersed among the water and tea molecules and form a sugar-tea-water mixture. No new compounds are formed, so this 
is an example of a physical change. 
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(a) (b) 


the caffeine and flavor molecules after being extracted by the hot water pass 
throuph the filter and into the coffee pot while the solid coffee grounds remain 
behind. This method of separating a solid-liquid mixture is called fifratiơn and 
1s a common technique used by chemists. 

Mixtures can also be separated by taking advantage of a difference in 
boiling or melting points. Seawater is a mixture of water and a variety of com- 
pounds, mostly sodium chloride. Whereas pure water boils at 100°C, sodium 
chloride doesn/t even ?el† until 800°C. One way to separate pure water out Of 
the mixture we call seawater, therefore, is to heat the seawater to about 100°C. 
At this temperature, the liquid water readily transforms to water vapor but the 
sodium chỉloride stays behind, dissolved in the remaining water. As the water 
vapor rises, it can be channeled into a cooler container, where it condenses 
to a liquid without the dissolved solids. This process of collecting a vapor- 
1zed substance, called đ/sfillaHon, ¡s illustrated in Figure 26. After all the water 
has been distilled from seawater, what remains consists of dry solids. These 
solids, also a mixture of compounds, contain a variety of valuable materials, 
including sodium chloride, potassium bromide, and a small amount of gold! A 
commercial application of this concept is shown in Figure 27. 


^ Figure 27 

At the southern end of San Francisco Bay, there are areas where the seawater has been 
partitioned off by earthen dikes. These are evaporation ponds, where the water is allowed 

to evaporate, leaving behind the solids that were dissolved in the seawater. These solids 

are further refined for commercial sale. The remarkable colors of the ponds are due to organic 
pigments made by salt-|oving bacteria. 


4 Figure 2ó 

(a) The mixture is boiled in the flask on the 
left. The rising water vapor is channeled 
into a downward-slanting tube kept cool 
by cold water flowing across its outer 
surface. The water vapor inside the cool 
tube condenses and collects in the flask on 
the right. (b) A whiskey still functions on 
the same principle. A mixture containing 
alcohol is heated to the point where the 
alcohol, some flavoring molecules, and 
some water are vaporized. These vapors 
travel through the copper coils, where they 
then condense to a liquid. 


CHEMICAL 
CONNECTIONS 
Chemically speaking, how is an 
icy winter road connected to 
the ocean? 
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LEARNING OBJECTIVE 


Classify the states of matter under 
the categories of pure and impure. 


..,J“" ÔÔỞÔỞÔ: 


How does a chemist define a 
“pure” material? 


FORYOUR 


& INFORMATION 


White gold is a mixture of gold with 
smaller amounts of white metals, such 
as silver, palladium, or rhodium, that 
increase its hardness. Unlike gold, 
the precious metal platinum is used 

in jewelry in almost its pure form, 
about 95 percent. Platinum is a very 
white metal and is also very dense. 

A platinum ring will feel heavier than a 
typical yellow or white gold ring, but 
it will also be mụch more expensive. 


) Figure 28 


The chemical classification of matter. 
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7 Matter Can Be Classified as Pure or lmpure 


EXPLAIN THIS 


Is frozen apple juice an example of a solution, suspension, or heterogeneous 
mixture? 


From a chemist“s point of view, if a material is pure, it consists of only a single 
element or a single compound. In pure gold, for example, there is nothing but 
the element gold. In pure table salt, there is nothing but the compound sodium 
chloride. lí a material is impure, it is a mixture and contains two or more ele- 
ments or compounds. These concepts are mapped out in the classification 
scheme shown In Figure 28. 

Because atoms and molecules are so small, there is a countless number 
of them in even a tiny sample. If just one atom or molecule out of many were 
different, then this sample could not be classified as 100 percent pure. Samples 
can be “purified,“ however, by various methods, such as distillation. When we 
Say 1e, it is understood to be a relative term. Comparing the purity of two 
samples, the purer one contains fewer impurities. A sample of water that is 
99.9 percent pure has a greater proportion of impurities than does a sample of 
water that is 99.9999 percent pure. The 99.9999 percent pure water would be 
much more expensive, because this high degree of purity is rather difficult to 
attain (see Calculation Corner later in the chapter). 

Sometimes naturally occurring mixtures are labeled as being pure, as in “pure 
orange juice.”“ Such a statement means that nothing artificial has been added. 
According to a chemist's definition, however, orange juice is anything but pure, as 
1t contains a wide variety of materials, including water, pulp, flavorings, vitamins, 
and sugars. Also, outside the language of chemistry, sometimes a mixture can be 
identified as pure. A cook, for example, might ask for pure baking powder. To a 
chemist, however, this doesn”t make sense because baking powder is a mixture of 
baking soda and sodium aluminum sulfate, plus many other chemicals. 

Mixtures may be heterogeneous or homogeneous. In a heterogeneous 
mixture, the different components can be seen as individual substances, such 
as pulÌp in orange juice, sand in water, or oil globules dispersed in vinegar. 
The different components are visible. Homogeneous mỉixtures have the same 
composition throughout as Judged by the unaided eye. Any one region of the 
mixture has the same ratio of substances as does any other region. The reason 
for this is because the different components are mixed at a very fine level súch 
that the components cannot be seen as individual identifiable entities. The 
đistinction is shown in Figure 29. 


MATTER 
Pure Impure 
(substances) (mixtures) 
Element Compound Homogeneous Heterogeneous 
Gold, Au Salt, NaCl mixture mixture 
Sulfur, S; Carbon dioxide, CO; Sand in water 


Oil and water 
Sand and salt 


Nitrogen,N; _ Ammonia, NH; 


Solution 

Air (Nạ, O›) 

Salt water (NaCl, H;O) 
White gold (Au, Pd) 


Suspension 

Milk (water, solid proteins) 
Blood (water, solid proteins) 
Fog (air, tỉiny water droplets) 
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Granite 


(a) Heterogeneous mixtures 


Air Clear seawater White gold 


(b) Homogeneous mixtures 


A homogeneous mixture may be either a solution or a suspension. In a 
solution, all components are in the same phase. The atmosphere we breathe is 
a gaseous solution consisting of the gaseous elements nitrogen and oxygen as 
well as minor amounts of other gaseous materials. Salt water is a liquid solu- 
tion, because both the water and the dissolved sodium chloride are found in a 
single liquid phase. An example of a solid solution ¡is white gold. 

A suspension forms when the particles of a substance are finely mixed but 
not dissolved. The components of a suspension can be of different phases, such 
as solid particles suspended within a liquid or liquid droplets suspended within 
a gas. In a suspension, the mixing can be so thorouph that the different phases 
are not readily distinguished. Milk is a suspension because it is a homogeneous 
mixture of proteins and fats finely dispersed in water. Blood is a suspension com- 
posed of finely dispersed blood cells in water. Another example of a suspension 
is clouds, which are homogeneous mixtures of tiny water droplets suspended in 
air. Shining a light through a suspension, as is shown in Figure 30, results in a 
visible cone as the light is reflected by the suspended components. 

The easiest way to distinguish a suspension from a solution in the labora- 
tory is to spin a sample in a centrifuge. This device, spinning at thousands of 
revolutions per minute, separates the components of suspensions but not those 
of solutions, as Figure 31 shows. 


Blood plasma 

(a solution) 
White blood cells 
Red blood cells 


Blood 
(a suspension) 


Centrifuge 


4 Figure 29 

(a) In heterogeneous mixtures, the different 
components can be seen with the naked 
eye. (b) In homogeneous mixtures, the 
different components are mixed at a 

much finer level and so are not readlly 
distinguished. 


^ Figure 30 
The path of light becomes visible when the 
light passes through a suspension. 


4 Figure 31 

Blood, because it is a suspension, can be 
centrifuged into its components, which 
include the blood plasma (a yellowish solu- 
tion) and white and red blood cells. The 
components of the plasma cannot be sepa- 
rated from one another because a cen- 
trifuge has no effect on solutions. Notice 
that blood plasma, white blood cells, and 
red blood cells can be isolated from blood. 
None of these components of blood, how- 
ever, are in themselves pure materials. 
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(Œ () |N| (2 IE lP 1 (S [na| 2 (6 ls 
lnpure water can be purified by 


a. removing the impure water molecules. 
b. removing everything that is not water. 
c. breaking down the water to its simplest components. 


d. adding some disinfectant, such as chlorine. 


CHECK YOUR ANSWER The answer is b: impure water can be purified by removing 
everything that isnt water. HạO is a compound made of the elements hydrogen 
and oxygen in a 2-to-1 ratio. Every HaO molecule ¡is the same as every other, and 
there's no such thing as an impure HạO molecule. Just about anything, including 
you, beach balls, rubber ducks, dust particles, and bacteria, can be found in water. 
When something other than water is found in water, we say that the water is impure. 
Ít is important to see that the impurities are ín the water and not part of the water, 
which means that it is possible to remove them by a variety of physical means, such 


as filtration or distillation. 
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A 100-gram sample of water contains about 3 x 10°1 


molecules. If this sample were ideally pure, every one of 
those molecules would be water. Atoms and molecules, 
however, are so amazingly small, and hence numerous, 
that the formation of a truly pure sample of macroscopic 
quantity is virtually impossible. 

For example, consider a 100-pram sample of water 
that is 99.9999 percent pure. What this means is that the 
sample contains 99.9999 srams of water, which is still 
nearly 3 x 10?! water molecules. Pretty good, right? 
However, if the remaining 0.0001 grams were made of 
dissolved lead, Pb, then this would correspond to about 
3 x 101 (300,000 trillion) atoms of Pb, which is quite small 
compared to the number of water molecules but ¡s still an 
amazingly large number. 

Any material that is seemingly pure will inevitably 
contain impurities. Sometimes these impurities are of 
particular interest. For example, minor impurities in a 
solution might be toxic and their presence might need 
to be monitored. How much is present ¡is frequently 
measured in units of milligrams per liter (mg/L), 
micrograms per liter (ug/L), or nanograms per liter 
(ng/L) of solution. 

One liter of water contains one million milligrams 
of water. Because 1 L of water equals 1 million mg of 
water, the units of mg/L can also be expressed as 1 mg 
per 1 million mg. Another way of saying this is one 
part per 1million, or simpÌy 1 ppm. The units of mg/L 
and ppm, therefore, are equivalent. Similarly, “micro- 
grams per liter” is often expressed as 4rfs per billion, 
ppb, and “nanograms per liter” is often expressed as 
parts per trillion, ppt. (As we already know, 1 milligram 
equals 1000 micrograms, while 1 microgram equals 
1000 nanograms.) 


CALCULATION CORNER HOW PURE IS PURE? 


EXAMPLE 


There are about 35 grams of salts in every liter of ocean 
water. Express this concentration in units of ppm. 


ANSWER 


Convert grams of salt into milligrams o£ salt: 
(35g salts)(1000 mg/1g) = 35,000 mg 


There are about 35,000 mg of salts in a liter of ocean 
water, which equals 35,000 ppm. 


YOUR TURN 


1. Typical levels of fluoride found in fluoridated public 
drinking water are about 1.0 ppm. lf you were to 
đrink a liter of this water, how many milligrams of 
fluoride would you ingest? 


2. Aquatic organisms require a dissolved oxygen con- 
centration of about 6 ppm. At this concentration, 
how many grams of oxygen are present in one liter 
of water? 


3. Chloroform, CHC]¿, is a common contaminant of chlori- 
nated drinking water. A usual concentration in municipal 
tap water may be around 25 ppb. How many milligrams 
of chloroform are present in one liter of water? 


4. What is your concentration in the country you live 
in expressed in units of ppb? (For the United States, 
assume a population of 310 million.) What is your con- 
centration in the world (assume total human population 
o£ 7 billion) expressed in units of ppb? In units of ppt? 


Anstuers to Calculation Corner appear at the end oƒ the chapfer. 
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8 The Advent of Nanotechnology 


EXPLAIN THIS 
ls nanotechnology the result of basic or applied research? 


The age of microtechnology was ushered in some 65 years ago with the inven- 
tion of the solid state transistor, a device that serves as a gateway for electronic 
sipnals. Engineers were quick to grasp the idea of integrating many transistors 
together to create logic boards that could perform calculations and run pro- 
grams. The very transistors they could squeeze into a circuit, the more pOWer- 
ful the logic board. The race thus began to squeeze more and more transistOrs 
together into tinier and tinier circuits. The scales achieved were in the realm 
of the micron (108 meters)—thus the term 7crotechnology. At the tỉme of the 
transistor s invention, few people realized the impact microtechnology would 
have on society—from personal computers to cell phones to the Internet. 

Today, we are at the beginning of a similar revolution. Technological 
advances have recently brought us past the realm of microns to the realm 
of the nanometer (10 meters), which is the realm of individual atoms and 
molecules—a realm where we have reached the basic building blocks of matter. 
Technology that works on this scale ¡is called zrotechnology. No one knows 
exactly what impact nanotechnology will have on society, but people are 
quickly coming to realize its vast potential, which is likely to be much greater 
than that of microtechnology. 

Nanotechnology generally concerns the manipulations of objects from 
1 to 100 nanometers in scale. For perspective, a DNA molecule is about 2.0 nm 
wide (though about a meter long!), while a water molecule is only about 
0.2 nm. Like microtechnology, nanotechnology is interdisciplinary, requiring 
the cooperative efforts of chemists, engineers, physicists, molecular biologists, 
and many others. Interestingly, there are already many products on the market 
that contain components developed through nanotechnology. These include 
sunscreens, mirrors that don/t fog, dental bonding agents, automotive catalytic 
converters, stain-free clothing, water filtration systems, the heads of computer 
hard drives, and much more. Nanotechnology, however, is still in its infancy, 
and it will likely be decades before its potential is fully realized (Figure 32). 
Consiđer, for example, that personal computers didnt blossom until the 1990s, 
some 40 years after the first solid state transistor. 


LEARNING OBJECTIVE 


Show how nanotechnology is a 
novel and promising application 


of chemistry. 
FORYOUR 

&@ INFORMATION 
Before he died in 2005, Rick Smalley, 
codiscoverer of the buckyball, 
advocated that carbon nanotubes, 
if developed into wires, could be 
an ideal material for efficiently 
transporting electricity over vast 
distances. lf sụch an infrastructure 
were in place, the wind energy of 
the Great Plains of the United States 
would be sufficient to supply the 
electrical needs of the entire country. 


.. f1 n 


How large are the objects that are the 
focus of nanotechnology? 


^ Figure 32 
Carbon nanotubes can be nested within each other to provide the strongest fiber known—a thread 1 millimeter 
in diameter can support a weight of about 13,000 pounds. A network of such strong fibers could be used to 

build the once science-fictional space elevator. 
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FORYOUR 


& INFORMATION 


An interesting discovery of nan- 
oscience is that the properties ofÍ a 
material at the level of its atoms can 
be different from its properties in bulk 
quantities. A bar of gold, for example, 
is gold in color. A thin sheet of gold 
atoms, by contrast, is dark red. There 
is much research currently being 
directed toward the discovery of the 
unique nanoproperties of materials. 
Many novel applications of these 
nanoproperties are sure to follow. 


Detector 


Computer 


^ Figure 33 
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There are two main approaches to building nanoscale materials and 
devices: top-down and bottom-up. The top-down approach is an extension 
of microtechnology techniques to smaller and smaller scales. A nanosize cir- 
cuit board, for example, might be carved out from a larger block of material. 
The bottom-up approach involves building nanosized objects atom by atom. 
A very important tool for either of these approaches is the scanning probe 
microscope, which detects and characterizes the surface atoms of materials 
by way of an ultrathin probe tip, as shown in Figure 33. The tip is mechani- 
cally dragged over the surface. Interactions between the tip and the surface 
atoms cause movements in the probe that are detected by way of a laser 
beam and translated by a computer into a topographical image. Scanning 
probe microscopes can also be used to move individual atoms into desired 
pOositions. 

Nanotechnology will enable the continued miniaturization of integrated 
circuits needed for ever smaller and more powerful computers. But a computer 
need not rely on an integrated circuit of nanowires for processing power. A wholly 
new approach involves designing logic boards in which molecules (not electric 
circuits) read, process, and write information. One molecule that has proved most 
promising for such 10olecular compufaHon is DNA, the same molecule that holds 
our øgenetic code. An advantage that molecular computing has over conventional 
computing 1s that it can run a massive number of calculations in parallel (at the 
same time). Because of such fundamental differences, molecular computing may 
one day outshine even the fastest of integrated circuits. Molecular computing, in 
turn, may then soon be eclipsed by other novel approaches, such as quantum or 
photon computing, also made possible by nanotechnology. 

The ultimate expert on nanotechnology is nature. Living organisms, for 
example, are complex systems of interacting biomolecules all functioning on 
the scale of nanometers. In this sense, the living organism is nature“s nanoma- 
chine. We need look no further than our own bodies to find evidence of the 


Laser 


Probe tip 


Probe 


Artist's rendition 


Sample 


A schematic of a scanning probe microscope that detects and characterizes the surface atoms of a material by way of an ultrathin probe tip 


attached to a miniature cantilever. 


88 


Elements of Chemistry 


feasibility and power of nanotechnology. With nature as our teacher, we have 
much to learn. Such knowledge will be particularly applicable to medicine. By 
becoming nanotechnology experts ourselves, we would be well equipped to 
unđerstand exact causes of nearly any disease or disorder (aging includeđ) and 
empowered to develop innovative cures. 

What are the limits of nanotechnology? As a society, how will we deal with 
the impending changes nanotechnology may bring? Consider the possibilities. 
Wall paint that can change color or be used to display video. Smart dust 
that the military could use to seek out and destroy an enemy. Solar cells that 
capture sunlight so efficiently that they render fossil fuels obsolete. Robots 
with so much processing power that we begin to wonder whether they expe- 
rience consciousness. Nanobots that roam our circulatory systems destroying 
cancerous tumors or arterial plaque. Nanomachines that can “photocopy 
3-dimensional objects, including living organisms. Medicines that more than 
double the average human life span. Stay tuned for an exciting new revolution 
in human capabilities. 


CO NCGEPTCHECK 


How believable would our present technology be to someone living 
200 years ago? How believable might the technology of 200 years in the 
future be to us right now? 


CHECK YOUR ANSWER Hindsight ¡s 20/20. lIts always easy to look back over 
time and see the progression of events that led to our present state. Much more dlffi- 
cult is it to think forward and  project possible scenarios. Perhaps the future technology 
of 200 years from now will be just as unbelievable to us as our present technology is 
unbelievable to someone of 200 years ago. 


FORYOUR 

INFORMATION 
The buckyball has recently been 
incorporated into a new class of 


transparent photovoltaic cells that 
can be integrated into windows. This 


would allow a building to generate its 


own electricity in the sunlight. 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


Describe how materials can be identified by their physical and 


chemical properties. (1) 


—>  Questions †—3, 23, 24, 35-40 


Recognize the elements of the periodic table as the fundamental 


building blocks of matter. (2) 


ldentify how elements are organized in the periodic table. (3) — 


—>  QOuestions 4, 5, 41-44 
Ouestions é—8, 32, 45—51 


Contrast compounds with the elements from which they are 


created. (4) 


List three guidelines used to name compoundl. (5) 


—> Questions 9-11, 31, 52-57 
—>  Questions 12, 13, 58-é] 


Recognize mixtures and show how they can be separated by 


physical means. (ó) 


Classify the states of matter under the categories of pure 


and impưre. (7) 


— Questions 14-1é, 25, 2ó, ó2-ó7 


—  Questions 17-19, 27-30, 33, 34, ó8-70 


Show how nanotechnology is a novel and promising application 


of chemistry. (8) 


SUMMARY OF TERMS 


Atomic symbol An abbreviation for an element or atom. 

Chemical bond The force of attraction between two atoms that 
holds them together within a compound. 

Chemical change The formation of new substance(s) by rear- 
ranging the atoms of the original material(s). 

Chemical formula A notation that indicates the composition 
of a compound, consisting of the atomic symbols for the 
different elements of the compound and numerical sub- 
scripts indicating the ratio in which the atoms combine. 

Chemical property A type of property that characterizes the 
ability of a substance to change into a different substance 
undđer specific conditions. 

Chemical reaction A term synonymous with chemical change. 

Compound A material in which atoms of different elements 
are bonded to one another. 

Element A material consisting of only one type of atom. 

Elemental formula A notation that uses the atomic symbol 
and (sometimes) a numerical subscript to denote how 
many atoms are bonded in one unit o£ an element. 

Group A vertical column in the periodic table, also known as a 
family of elements. 

Heterogeneous mixture A mixture in which the different 
components can be seen as individual substances. 
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—>  QOuestions 20-21, 71-75 


Homogeneous mixture A mixture in which the components 
are so finely mixed that any one region of the mixture has 
the same ratio of substances as any other region. 


Impure The state of a material that is a mixture of more than 
one element or compound. 


Metal An element that is shiny, opaque, and able to conduct 
electricity and heat. 


Metalloid An element that exhibits some properties of 
metals and some properties of nonmetals. 5ix elements 
recognized as metalloids include boron, B; silicon, Sĩ; 
Øermanium, Ge; arsenic, As; antimony, Sb; and tellurium, Te. 
Mixture A combination of two or more substances in which 
each substance retains Its properties. 


Nonmetal An element located toward the upper right of the 
periodic table, with the exception of hydrogen, that is 
neither a metal nor a metalloid. 

Period A horizontal row in the periodic table. 

Periodic table A chart in which all known elements are 
organized by physical and chemical properties. 

Periodic trend The gradual change of any property in the 
elements across a period of the periodic table. 

Physical change A change in which a substance changes is 
physical properties without changing its chemical identity. 
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Physical property Any physical attribute of a substance, such 
as color, density, or hardness. 


Pure The state of a material that consists solely of a single 
element or compound. 


Scanning probe microscope A tool of nanotechnology that 
detects and characterizes the surface atoms of materials 


by way of an ultrathin probe tip, which is detected by 
laser light as it is mechanically dragged over the surface. 
Solution A homogeneous mixture in which all components are 
đissolved in the same phase. 
Suspension A homogeneous mixture in which the various 
components are finely mixed, but not dissolved. 


READING CHECK OUESTIONS (COMPREHENSION) 


1 Matter Has Physical and Chemical Properties 


5 There ls a System for Naming Compounds 


1. What happens to the chemical identity of a substance 
during a physical change? 
2. What changes during a chemical reaction? 


3. Why is it sometimes difficult to decide whether an 
observed change is physical or chemical? 


2 Elements Are Made of Atoms 


4. How many types of atoms can you expect to find in a 
pure sample of any element? 


9. Distinguish between an atom and an element. 


3 The Periodic Table Helps Us to Understand 
the Elements 


ó. How many periods are there in the periodic table? How 
many groups? 

7. Do properties change or remain the same for elements 
across any period of the periodic table? 


8. Why are the lanthanides and actinides placed beneath the 
main body of the periodic table? 


4 Elements Can Combine to Form Compounds 


12. What ¡is the chemical formula for the compound 
titanium dioxide? 


13. What is the name of the compound with the 
formula NaNO,? 


ó Most Materials Are Mixtures 


14. What defines a material as being a mixture? 


15. How can the components of a mixture be separated from 
one another? 


1ó. How does distillation separate the components of 
a mixture? 


7 Matter Can Be Classified as Pure 
or lmpure 


17. Why is it not practical to have a macroscopic sample that 
1s 100 percent pure? 


18. How is a solution different from a suspension? 


19. How can a solution be distinguished from 
a suspension? 


8 The Advent of Nanotechnology 


9. What is the difference between an element and 
a compound? 
10. What does the chemical formula of a substance tell us 
about that substance? 
11. How are the properties of a compound related 


to the properties of the elements used to make 
that compound? 


20. How soon will nanotechnology give rise to 
commercial products? 


21. What are the two main approaches to building nanoscale 
materials and devices? 


22. Who is the ultimate expert at nanotechnology? 


CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


23. Place a large pot of cool water on top of a gas stove and 
set the burner on hiph. What product from the combus- 
tion of the natural gas do you see condensing on the 
outside of the pot? Where did it come from? Would more 
or less of this product form ïf the pot contained ice water? 
Where does this product go as the pot gets warmer? What 
physical and chemical changes can you identify? 
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24. When you pour a solution of hydrogen peroxide, H,O,„ 


Over a cut, an enzyme in your blood decomposes it to 
produce oxygen gas, O;„ as evidenced by the bubbling 
that takes place. It is this oxygen at high concentrations at 
the site of inJury that kills of microorganisms. A similar 
enzyme is found in bakers yeast. 

Wear safety glasses and remove all combustibles, 
such as paper towels, from a clear countertop area. 
Pour a small packet of baker “s yeast into a tall glass. 
Add a couple capfuls of 3 percent hydrogen peroxide 
and watch oxygen bubbles form. Test for the presence 
of oxygen by holding a lighted match with tweezers 
and putting the flame near the bubbles. Look for the 
flame to glow more brightly as the escaping oxygen 
pAsses over it. Describe oxygen“s physical and 
chemical properties. 


THINK AND SOLVE 


27. The Colorado River water in Colorado has a salinity of 


about 50 ppm. By the time this water passes into Mexico 
1ts salinity has increased to about 1000 ppm. How many 
milligrams of salts have been added to each liter of water? 


28. Rainwater is naturally acidic containing about 48 micro- 


grams of acid per liter. Express this concentration in unifs 
of ppm, ppb, and ppt. 


29. Dioxins are highly toxic compounds that form upon 


the burning of certain plastics, especially PVC. Dioxins 
bioaccumulate, which means that animals higher in the 


THINK AND COMPARE (ANALYSIS) 


31. Rank the following compounds in order of an increasing 


number of atoms: 


a. C¡;H„O¡; 
b. Buckminsterfullerene, Cựu 
c. Pb(C;H,O,)„ 


32. Rank the following elements in order of the size of their 
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atoms from smallest to largest: 
a. Cesium, Cs, number 55 

b. Silver, Ag, number 47 

c. Oxygen, O, number 8 


25. 


2ó. 


30. 


SE} 


34. 


To see the gases dissolved in your water, fill a clean cook- 
ing pot with water and let it stand at room temperature 
for several hours. Note the tiny bubbles that adhere to the 
inner sides of the pot. Where did these tiny bubbles come 
from? What do you suppose they contain? Eor further 
experimentation, repeat this activity in two pots side by 
side. In one pot, use warm water from the kitchen faucet. 
In the second pot, use boiled water that has cooled down 
to the same temperature. 


Put on your safety glasses and add several cups of tap 
water to a cooking pot. Boil the water to dryness. (Turn 
off the burner before the water is all pone. The heat 

from the pot will finish the evaporation. Watch out for 
splattering!) Examine the resulting residue by scraping it 
with the knife. These are the solids you ingest with every 
glass of water you drink. 


(MATHEMATICAL APPLICATION) 


food chaïn tend to have greater concentrations within 
their bodies. Most of our exposure to dioxins comes 

from the food we eat rather than the air we breathe. How 
many milligrams of dioxins are there in a liter of milk 
conftaining 0.16 ppt? 


Drinking water is routinely disinfected by adding chlorine 
to a concentration of about 2 ppm. How many milligrams 
1s this per liter of water? 


Rank the following in order of increasing purity: 


a. Mountain spring water 
b. Distilled water 
c. Ocean water 


The following are the concentrations of arsenic in three 
different water samples. Rank them in order of increasing 
amounts of arsenic per liter: 


a. 0.5 ppt 
b. 100 ppb 
c. 0.0007 ppm 
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THINK AND EXPLAIN (SYNTHESIS) 


1 Matter Has Physical and Chemical Properties 


35. A cotton ball is dipped in alcohol and wiped across a 
table top. Explain what happens to the alcohol molecules 
deposited on the table top. Is this a physical or chemical 
change? 


3ó. A skillet is lined with a thin layer of cooking oil followed 
by a layer of unpopped popcorn kernels. pon heating, 
the kernels all pop, thereby escaping the skillet. Identify 
any physical or chemical changes. 


37. In the winter Vermonters make a tasty treat called “sugar 
on snow“ in which they pour boiled-down maple syrup 
onto a scoop of clean fresh snow. As the syrup hits 
the snow it forms a delicious taffy. Identify the physi- 
cal changes involved in the making of sugar on snow. 
Identify any chemical changes. 


38. Each night you measure your height just before goïng to 
bed. When you arise each morning, you measure your 
height again and consistently find that you are 1 inch taller 
than you were the night before but only as tall as you 
were 24 hours agol Is what happens to your body ín this 
instance best described as a physical change or a chemical 
change? Be sure to try this activity if you havent already. 


39. Classify the following changes as physical or chemical. 


. Grape juice turns to wine 
- Wood burns to ashes 
._ Water begins to boil 
- A broken leg mends itself 
. GTA§S ĐTOWS 
An infant gains 10 pounds 
. A rock is crushed to powder 


(Q rh0m on 0ơ0 


40. Is aging primarily an example of a physical or 
chemical change? 


2 Elements Are Made of Atoms 


41. A 24-karat piece of gold is as pure as it gets. Make an 
argument for why this piece of gold should not be 
classified as an element. 


42. Hydrogen sulfide, H;5, is a highly toxic and super stinky 
gas. Might you expect elemental sulfur, 5„, also to be a 
highly toxic and super stinky gas? Please explain. 


43. Why is water not classified as an element? 


44. What do diamonds, buckyballs, nanotubes, and graphite 
have in common? 


3 The Periodic Table Helps Us to Understand 
the Elements 


45. Which elements are some of the oldest known? What is 
your evidence? 


4ó. Germanium, Ge (number 32), computer chips operate 
faster than silicon, Sĩ (number 14), computer chips. So 
how might a gallium, Ga (number 31), chip compare with 
a germanium chip? 


47. Helium, He, is a nonmetallic gas and the second element 
¡n the periodic table. Rather than being placed adjacent to 
hydrogen, H, however, helium is placed on the far right of 
the table. Why? 


48. Name ten elements available to you as a modern-day 
consumer. 


49. Strontium, Sr (number 36), is especially dangerous to humans 
because it tends to accumulate in calcium-dependent bone 
marrow tissues (calcium, Ca, number 20). How does this 
fact relate to what you know about the organization of the 
periodic table? 


50. With the periodic table as your guide, describe the ele- 
ment selenium, Se (number 34), using as many of this 
chapter s key terms as you can. 


51. Why not memorize the periodic table? 


4 Elements Can Combine to Form Compounds 


52. A sample of iron weighs more after it rusts. Why? 


53. If you eat metallic sodium or inhale chlorine gas, you 
stand a strong chance of a painful death. Let these two 
elements react with each other, however, and you can 
safely sprinkle the product on your popcorn for better 
taste. What is going on? 


S4. Why can/t the elements of a compound be separated from 
one another by physical means? 


55. Water molecules contain oxygen atoms. Does this mean 
that oxygen, O;„ and water, H,O, have similar properties? 


Só. Oxygen atoms are used to make water molecules. Why do 
we drown when we breathe in water despite all the 
oxygen atoms present in this material? 


57. Which of the following boxes contains an element? 
A compounđ? A mixture? How many different types of 
molecules are shown altogether in all three boxes? 


S ạ # ›» 9% ©Ố § s 
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5 There ls a System for Naming Compounds 


58. What is the common name for trioxygen? 


59. What is the name of the compound with the formula 
Sra(PO,);? 

ó0. Give the name and the formula for a compound resulting 
from the combination of aluminum, sulfur, and oxygen. 


ó1. Elemental copper, Cu, is copper color. Elemental sulfur, 
Sg; 1s yellow. What does this tell you about the color of the 
compound copper sulfide, CuS? 
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ó Most Materials Are Mixtures 


ó2. Oxygen, ©„„ has a boïling point of 90 K (—183°C), and 


nitrogen, N„„ has a boiling point of 77 K (—196°C). Which 
is a liquid and which is a gas at 80 K (—193°C)? 


ó3. Each sphere ¡in the following điagrams represents an 


atom. Joined spheres represent molecules. Which box 
contains a liquid phase? Why can you not assume that 
box B represents a lower temperature? 


§ @ “= « 
se ®@ ý 
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ó4. Based on the information given in the following 


diagrams, which substance has the lower boiling point, 
the compound or the element? 


œ @ 9 
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ó5. How might you separate a mixture of sand and salt? How 


about a mixture of sand and iron? 


óó. Mixtures can be separated into their components by tak- 


THINK AND DISCUSS 


ing advantage of differences in the chemical properties Of 
the components. Why mipht this separation method be 
less convenient than taking advantage of differences in 
the physical properties of the components? 


74. A calculator is useful, but certainly not exciting. Why 
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would someone from 100 years ago vehemently disagree 
with this statement? We often marvel at a new technology, 
but how long does this marveling last? How soon before 
a new technology becomes taken for granted? Think of 
other examples. Is technology the source of happiness? 


Tƒ uou haoe a qood handle ơn this chapter, then you should be able to 
score at leqst 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistr.com. ]ƒ you score less than 7, you need 
to sHidU ƒurther beƒore 1t00ïng 0H. 


67. Many dry cereals are fortified with iron, which ¡is added 


to the cereal in the form of small iron particles. How 
might these particles be separated from the cereal? 


7 Matter Can Be Classified as Pure or lmpure 


68. Which of the following boxes shown best represents a 


69. 


70. 


suspension? A solution? A compound? 
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Classify the following as a(an) homogeneous mixture, 
heterogeneous mixture, element, or compound: table salt, 
blood, steel, planet Earth. 


Classify the following as element, compound, or mixture, 
and justify your classifications: salt, stainless steel, tap 
water, sugar, vanilla extract, butter, maple syrup, alumi- 
num, ice, milk, cherry-flavored cough drops. 


8 The Advent of Nanotechnology 


(EVALUATION) 


741D 


7/725 


73. 


75. 


READINESS ASSURANCE TEST (RAT) 


How does a scanning probe microscope differ from an 
optical microscope? 


People often behave differently when they are in a group 
compared to when they are by themselves. Explain how 
this is similar to the behavior of atoms. Is this good news 
or bad news for the development of nanotechnology? 


How is chemistry similar to nanotechnology? How 1s it 
different? 


How might speculations about potential dangers of 
nanotechnology threaten public support for it? Consider 
Michael Crichton“s science fiction novel “Prey” in which 
self-replicating nanobots run amok, turning everything 
they contact into gray øoo. 


Choose the BEST answer to each of the following questions. 


1o 


What chemical change occurs when a wax candle burns? 
a. The wax near the flame melts. 
b. The molten wax is pulled upwards throuph the wick. 
c. The wax within the wick is heated to about 600°C. 
d. 


The heated wax molecules combine with oxygen 
molecules. 
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2. Is the following transformation representative of a physical 
change or a chemical change? 


® © 
œ “2 


a. Chemical because of the formation of elements 


b. Physical because a new material has been formed 
c. Chemical because the atoms have changed partners 
d. Physical because of a change in phase 

3. The oldest known elements are the ones 
a. at the beginning of the periodic table. 
b. at the end o£ the periodic table. 


c. with atomic symbols that do NOT match their 
modern names. 


d. with atomic symbols that match their modern names. 


4. lf you have one molecule of TiO,„ how many molecules of 
O; does 1t contain? 


a. Three, TIO; contains three molecules. 
b. Two, TIO, is a mixture of T¡ and 2 O. 
c. One, TiO; is a mixture of T¡ and Ô,. 
d. None, O, 1s a different molecule than 'HO,. 
5. The largest atoms are 
a. also the heaviest atoms. 
b. the seventh period actinides. 
c. the group 1 metals. 
d. nonmetallic. 
6. What is the name of the compound CaC],? 
a. Carbon chloride 
b. Dichlorocalcium 
c. Calc two 
d. Calcium chloride 


7. Someone argues that he or she doesnft drink tap water 
because it contains thousands of molecules of some impu- 
rity in each glass. How would you respond in defense of 
the water“s purity, if it indeed does contain thousands of 
molecules of some impurity per glass? 


a. Impurities aren/t necessarily bad; in fact, they may be 
good for you. 


b. The water contains water molecules and each water 
molecule is pure. 


c. There“s no defense. If the water contains impurities it 
should not be consumed. 


d. That“s next to nothing compared to the anmount 
Of water. 


8. Whatis the difference between a compound and a mixture? 
a. They both consist of atoms from different elements. 


b. The difference is the way in which their atoms are 
bonded together. 


c. The components of a mixture are not chemically 
bonded together. 


d. One is a solid and the other is a liquid. 
9. The air in your house is an example of a 
a. homogeneous mixture because it is mixed very well. 


b. heterogeneous mixture because of the dust particles it 
contains. 


c. homogeneous mixture because it is all at the same 
temperature. 


d. heterogeneous mixture because it consists of different 
types of molecules. 


10. Half-frozen fruit punch is always sweeter than the same 
fruit punch completely melted because 


a. the sugar sinks to the bottom. 


b. only the water freezes while the sugar remains in 
solution. 


c. the half-frozen fruit punch is warmer. 


d. sugar molecules solidify as crystals. 


ANSWERS TO CALCULATION CORNER (HOW PURE IS PURE?) 


1. One liter of 1.0 ppm fluoridated drinking water 
contains 1.0 mg of fluoride. 

2. A dissolved oxygen concentration of 6 ppm 
corresponds to 6 mg/L. With one liter, you have 6 mg: 


(6 mg/L)(1 L) = 6 mg 
se a conversion unit to express 6 mg as 0.006 grams: 
(6 mg)(1 gram/1000 mg) = 0.006 grams 


3. A concentration of 25 ppb is 25 micrograms per liter. 
Convert from micrograms into milligrams as follows: 


(25 micrograms)(1 milligram/1000 micrograms) = 
0.025 milligrams 


Thus, there are 0.025 milligrams of chloroform in each 
liter of this water. 

4. Assuming you live in the United States, which has a 
population of about 310 million, then your concentra- 
tion is about 1/0.31 billion = 3.1 ppb. The concentra- 
tion of you in the whole world is about 1/7 billion = 
0.140 ppb, which is about 140 ppt. If you can imagine 
how few of you there are compared to national or 
world populations, then you have a sense of how 
dilute a dissolved substance is when its concentration 
1s measured by the ppb or ppt. 
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COonfextual ChemiStrV 


A SPOTLIGHT ON ISSUES FEFACING OUR MOIDERN SOCIETY 


Extending the Human Life Span 


iving isn't easy, especially at 
| the level of the molecules 

that make us. Our cells and 
the molecules they contain are con- 
stantly exposed to a hostile envi- 
ronment of viruses, bacteria, free 
radicals, radiation, and random chem- 
ical reactions. We live because our 
bodies are able to repair themselves 
from perpetual molecular damage. 
Over time, however, our bodlies lose 
the ability to selí-heal. We age. We 
grow frail and eventually die. 

Since the introduction of mod- 
ern medicine and better health 
habits, the average life expectancy 
of humans has increased dramati- 
cally—in the United States from 
about 48 years old in 1900 to about 
78 years old in 2000. The maximum 
attainable human life span of about 
120 years, however, appears to have 
remained fairly constant. ls there 
truly a limit to how long we can live? 
ls it possible to change how long we 
live while still maintaining youthful 
vigor and resilience? After all, the 
quality of life matters just as much, 
if not more, than the quantity of life. 

Scientists have long known that 
a healthier and longer lie can be 
attaned by reducing the intake 
of calories by at least one-third of 
the number in a normal, healthy 
diet while maintaining necessary 
nutrients. Worms fed such a calorie- 
restricted diet live up to 5 months 
longer, which for them ¡s a life 
span increase of about ó0 percent. 
Mice live about 14 months longer 
(50 percent increase) and dogs also 
about 14 months longer (10 percent 
increase). Would calorie restriction 
also helb humans extend their maxi- 
mum life span? The answer is likely 
yes, but by how much ¡is question- 
able. Some scientists are optimistic 
that ít could add 10 to 15 years. 
Others are more cautious in think- 
¡ng 2 to 3 years may be more 
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reasonable. Either way, there are 
potential benefits to be had, and 
every gain counts. 

Scientists are working to unravel 
the molecular mysteries of why calo- 
rie restriction works. This, in turn, 
should help them to discover com- 
pounds that mimic the effects of 
calorie restriction. lInterestingly, one 
class of compounds that mimics 
those effects are polyphenols, which 
are abundant ¡in highly pigmented 
foods, such as pomegranates, or 
beverages, such as red wine. 

Gerontologists who study the 
aging process have come to recog- 
nize at least six categories of damage 
sustained by our cells and biomol- 
ecules (see Table 2). These are likely 
to be the underlying causes of our 
becoming ftrail and more susceptible 
to death as we grow older. Prevent 
or reverse these damages, and the 
result would be a rejuvenated body, 
which, in turn, would have a greater 
chance of experiencing an extended 
lfe span. The ¡important thing to 
note here ¡is that we re not talking 


about keeping old people alive ¡in 
their frailty. lnstead, we re talking 
about strategies that would permit 
people to both look and feel better 
despite having lived for so many 
years. Humans would remain pro- 
ductive and active for much longer 
periods of time. 

Let's take a brief look at senescent 
cell therapy, which is just one exam- 
ple of longevity research. In the early 
19ó0s, Professor Leonard Hayflick, 
one of the founders of the biotech 
revolution, notedl that a human cell is 
only able to replicate about ó0 times. 
One this limit is reached the cell may 
self-destruct or it may be attacked by 
the immune system. Some of these 
cells, however, remain in a quasi- 
dormant state, called senescence, 
where they produce chemicals that 
are generally not good for the organ- 
ism. As we grow older, senescent 
cells in our body accumulate. We are 
then exposed to greater amounts 
of the dangerous chemicals these 
cells produce. This, in turn, gives rise 
to numerous age-related problems, 


TABLE 2 


PROBLEM 
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Six Categories of Cellular Damage 


CURRENT AND POTENTIAL REMEDIES* 


Cells die and are not replaced. 


DNA within the cell nucleus 
is altered, giving rise to cancer. 


DNA within cellular mitochondria 
is altered, resulting in cell death. 


Unwanted cells, such as fat cells, 
accumulate. 


Collagen loses elasticity because 
of cross-linking. 


Únwanted junk, such as 
atherosclerotic and amyloid 
plaques, accumulates. 


Improved health habits; growth factors; 
gene doping, stem cells; apoptosis active 
dephosphorylation inhibitors (salubrinal); 
senescent cell therapy 


lmproved health habits; chemotherapy; 
radiation therapy; surgery; telomere 
restoration therapy; gene therapy; 
nanoshells; angiogenesis inhibitors 


Gene therapy to produce mitochondrial 
proteins from nuclear DNA 


lmproved health habits; calorie restriction 
diet; surgery; target cell surface differences 


Sunscreen; advanced glycosylation end- 
product breaker drugs, such as ALT-711, 
to break crosslinks or inhibit their formation 


Beta-sheet breaker peptides; inhibition 
of ABAD beta amyloid complex; geneti- 
cally modified white blood  cells; lysosome 


replacement therapy 


*Boldface: Use as keyword phrase in your internet search engine. 


such as the weakening of tissues, 
arthritis, and cataracts. Recently, sci- 
entists found a way to selectively kil 
senescent cells as they formed in 
mice. Remarkably, the treated mice 
remained healthier as they aged 
compared to mice who received 
no treatment. lf a similar treatment 
could be applied to humans it would 
be a huge advance in the treatment 
of age-related diseases. 

Might scientists be interested in 
finding remedies to the maladies of 
aging? How about the businesses 
or organizations that sponsor the 
scientists? Do you suppose more 
or less money will be channeled 
into these efforts as more promising 
discoveries are made? Will there 
be a sufficient demand for resulting 
products that provide for a longer 
and healthier life? With wrinkle-free 
skin? WIll people of impoverished 
nations be able to afford this anti- 
aging technology? Should ít be 
offered freely? Might we have more 


or fewer remedies available to us 
by the time you are 40 years older? 
What if medical science advances 
faster than you age? Stay tuned. 
Future advances in biotech are sure 
to have a profound impact on your 
quality of living. 


CONCEPTCHECK 
How are people like cars? 


WAS THIS YOUR ANSWER? 
Professor Leonard Hayflick says 
people are like cars because they 
age reliably “even though there's 
nothing in the blueprints that shows 
a process for doing it.” In other 
words, there is no “death gene,” 
no mechanism that kills us off after 
a certain time limit; aging is a con- 
sequence of living in a corrosive 
environmert. lí, however, you want 
to keep a car like “new,” what do 
you do? Wait until ïts ready to 
fall apart? Or repair as necessary 


despite the expense of new body 
parts or skilled labor? Both people 
and cars need daily maintenance 
if their life expectancies are to be 
maximized. lf a car can be nurtured 
to live for many centuries, can peo- 
ple too? Do we have the resources? 


Think and Discuss 


1. There are millions of people who 
don't exercise or eat right even 
though they know such habits 
will likely extend how long they 
live in good health. Why? 


2. In the past 20 years, the aver- 
age life expectancy within most 
nations has risen by a couple of 
years, but so has the “healthy life 
expectancy,” which is a measure 
of how long people remain ¡in 
good health. Are the two neces- 
sarily related? How so? 


3. How might cures for age-related 
diseases also be a solution to the 
problem of overpopulation? 


4. How would society be able to 
support so many people living 
well into their 100s? 


5. The Pentagon today owes its 
soldiers $ó53 billion ¡in future 
retirement benefits. What might 
happen to this cost if the soldiers 
actually lived some 40 years lon- 
ger than expected? How about 
100 years? 500 years? At what 
point should the Pentagon no 
longer “owe” these benefits to 
the soldiers? What trends do 
you foresee in company retire- 
ment plans? 


ó. How are younger people going 
to be able to find work when 
so many older people are 
not retiring? And how_ might 
a healthier upper age group 
affect the wealth distribution 
between generations? 
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Solutions to Odd-Numbered Chapter Questions 


1. Nothing. During a physical change, the chemical identity of a 
substance remains the same. 


3. Determining whether a change is physical or chemical can be 
difficult because both involve changes in appearance. 


5. Atom is used to refer to submicroscopic particles in a sample, 
and element is used for microscopic and macroscopic samples. 


7. Across any period, the properties of elements gradually 
change. 


9. An element has only one type of atom. A compound has 
combinations of đifferent types of atoms. 


11. The physical and chemical properties of a compound are 
completely different from the properties of its elemental parts. 


13. NOST- ¡is a polyatomic ion, so the name of this compound is 
sodium nitrate. 


15. Filtraton or distilation can separate mixtures. These 
methods take advantage of differences in the components/ 
physical properties. 


17. Atoms and molecules are very small; so If one atom or 
molecule out of a trillion is diferent, then the sample is no 
longer pure. 


19. A centrifuge can be used to determine whether a mixture is 
a solution or a suspension because it wilÏÌ separate the compo- 
nenfs of a suspension. 


21. The top-down approach in which nanostructures are carved 
out of larger materials and the bottom-up approach in which 
nanostructures are pieced together atom by atom. 


23. Water vapor condenses into water droplets on the out- 
side of the pot. This water vapor is a product of the reaction 
of the natural gas with oxygen. Ice water in the pot will favor 
the condensation of more liquid water from the water vapor. Às 
the pot gets warmer, the condensed water evaporates. Physical 
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changes include the condensation and evaporation of water. 
Note that the water vapor from the flame results from chemical 
changes occurring within the flame. 


25. The tiny bubbles that form in this activity are from the air 
that was dissolved in the water. These bubbles contain mostly 
air, along with some residual water vapor. But gases do not dis- 
solve well in hot liquids. Air that is đissolved in room-tempera- 
ture water, for example, will quickly bubble out when the water 
1s heated. Thus, you can speed up the formation of air bubbles 
by using warm water. YouTl find that boiling deaerates the 
water (that is, removes the atmospheric gases). Chemists some- 
times need to use deaerated water, which is made by allowing 
boiled water to cool in a sealed container. Why dorít fish live 
very long in deaerated water? 


27. The difference between these two concentrations is 950 ppm, 
or 950 milligrams per liter. The amount of salts added to the 
river water is 950 milligrams per liter. 


29. A concentration of 0.16 ppt is 0.16 nanograms per liter. 

Convert nanograms to milligrams using these equalities: 

1 gram = 103 mg; 1 gram = 109 ng. 

(0.16 ng)(1 gram/109 ng)(103 mg/1 gram) = 1.6 x 10-7mg 
= 0.00000016 
mỹ 

31.c6a6b 

33.c6a6b 


35. The molecules of the alcohol evaporate into the gaseous 
phase, which is a physical change. 


37. Boiling down the maple syrup involves the evaporation of 
water. As the syrup hits the snow, it warms the snow, causing 
1t to melt while the syrup becomes more viscous. These are all 
examples of physical changes. Interestingly, as the maple syrup 
1s boiled, the sugar within the syrup begins to caramelize, which 
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1s an example of a chemical change. 


39. (a) chemical (b) chemical (c) physical 
(e) chemical () chemical (g) physical 


(đ) chemical 


41. There is a practical limit to our ability to purify gold. A 
sample that is 99.99999999 percent pure still contains 0.00000001 
percent impurities. Because atoms are so small, the number of 
nongold atoms within this sample is quite large. lf we define an 
element as a material made of only one type of atom, then we 
can argue that even our purest sample of gold is ideally clas- 
sified not as an element, but as a mixture. Ôn a practical level, 
however, we may ignore this distinction because we recognize 
that the number of gold atoms within this super pure sample 
still far exceeds the number of nongold atoms. 


43. Water use to be classified as an element, but that was before 
people recognized that the basic building block of matter is 
these tiny particles called atoms. Today, an element is identified 
as a material consisting of only one kind of atom. 


45. The ones that have atomic symbols that don“t match their 
modern atomic names. Examples include iron, Fe; gold, Au; and 
copper, Cu. 


47. Helium is placed on the far right side of the periodic table in 
group 18 because its physical and chemical properties are most 
similar to those of the other elements of group 18. 


49. Calcium ¡is readily absorbed by the body for the building of 
bones. Because calcium and strontium are in the same atomic 
group, they have similar physical and chemical properties. The 
body, therefore, has a hard time distinguishing between the two, 
and strontium is absorbed as though it were calcium. 


51. The periodic table ¡is a reference to be used, not memo- 
rized. You need not memorize the periodic table any more than 
you need to memorize a dictionary. Both the periodic table 
and a dictionary should be readily available to you when you 
need them. 


53. Chemicalcompounds have physical and chemical properties 
that are different from the elements from which they are made. 
Oxygen, for example, is a gas at room temperature, as is hydro- 
gen. These two elements combine, however, to make water, 
which is a liquid at room temperature. Similarly sodium and 
chlorine, although toxic by themselves, react to form a chemical 
compound, sodium chloride, that is uniquely different. 


55. Each water molecule contains one oxygen atom bound to 
two hydrogen atoms. This oxygen is not available to form the 
O2 that we breathe. Water is uniquely different from the ele- 
ments oxygen, O2, and hydrogen, H2, from which it can be 
made. 


57. Box A: mixture; Box B: compound; Box C: element. Three 
different types of molecules are shown altogether in the three 
boxes: one with two light red atoms joined as shown only in 
Box A,one with a light red and a smaller dark blue atom joined 
as shown in Boxes A and B, and one with two smaller dark blue 
atoms joined as shown only in Box C. 


59. Strontium phosphate. Note that with polyatomic ion, the 
convention is to leave out the tri- or đi- suffixes. So to a chemist, 
the name tristrontium điphosphate would sound a little wierd 
and overdone, but he or she would know what you meant. 


61. Nothing. The properties of a compound are uniquely 
đifferent from the properties of the elements used to make that 
compound. Copper sulfide, CuS, reveals itself as a dark black 
powder. 


63. Box B appears to contain a liquid as evidenced by the 
randomly oriented molecules condensed at the bottom of the 
box. These molecules in the liquid phase of Box B represent a 
compound because they consist of differenttypes ofatomsjoined 
together. There“s no way to assume the relative temperatures of 
the boxes based upon the phases of the materials they contain 
because these materials are uniquely different from each other. 


65. Add the mixture of sand and salt to some water. Stir and 
then filter the sand. Rinse the sand several times with fresh 
water to make sure all of the salt has been removed. Collect 
all the salty water and evaporate the water. The residue that 
remains will be the salt. After the sand dries, you/ve got just the 
sand. For a mixture of sand and iron, take advantage of the fact 
that only iron is attracted to a magnet. 


67. Based upon the differences in physical properties. The iron 
filings are attracted to a magnet, but the cereal is not. Try this 
with your next box of iron-fortified cereal. 


69. Table salt ¡is generally a heterogeneous mixture of the 
compound sodium chloride and đesiccants that absorb moisture, 
preventing the salt from clumping. Blood is a suspension, 
which is an example of a homogeneous mixture. Steel is a solid 
solution, which is a homogeneous mixture, consisting of mostly 
iron and smaller amounts of carbon and nickel. Planet Earth is a 
heterogeneous mixture. 


Z1. The scanning probe microscope provides us with images of 
the nanoscopic world, which is where individual atoms begin 
to appear. The optical microscope allows ts to see at the micro- 
scopic level, which is where individual atoms are too small to 
be seen. Also, the scanning probe microscope collects Images by 
dragging an ultrasharp needle across the surface. The optical 
microscope works by collecting and focusing visible light. 


73. Chemistry and nanotechnology are similar in that they both 
focus on the world o£ the atom. They are different in that chem- 
istry focuses on how to combine atoms in bulk to create novel 
molecules, also in bulk. Nanotechnology works by manipulat- 
¡ng individual atoms or small groups ofindividual atoms. Great 
things will no doubt be achieved through nanotechnology, but 
as a complemert to the great things also being achieved through 
novel chemical reactions. 


75. Around the beginning of the 20th century, many people 
Wwere opposed to the introduction of electricity because of Its 
inherent dangers. Fear, however, may arise from insufficient 
understanding. As people learned more about electricity— 
understanding both its dangers and benefits—they came to 
accept this new technology. The same may be true for nano- 
technology. The obligation of the vendors o£ nanotechnology 
is to keep us informed. But who will watch over these nano- 
tech companies to make sure greed does not overcome safety? 
That would be the role of an attentive government and a well- 
informed consumer. 
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From Chapter 4 of Concepiual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^. Each element emits its own characteristic spectral 
pattern, which can be used to identify the element just 

as a fingerprint can be used to identify a person. The inset 
image shows the spectral pattern from strontium, which is 
a common ingredient of fireworks. 
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Physical and Conceptual Models 


The Electron Was the First 
Subatomic Particle Discovered 


The Mass of an Atom ls 
Concentrated ín lts Nucleus 


The Atomic Nucleus ls Made of 
Protons and Neutrons 


Light ls a Form of Energy 


Atomic Spectra and the Ouantum 
Hypothesis 


Electrons Exhibit Wave Properties 


The Noble Gas Shell Model 
Simplifies the Energy-Level 
Diagram 


The Periodic Table Helps Us 
Predict Properties of Elements 


SubatftomiC 
ParfiClCS 


THE MAIN IDEA 


Atoms are made of electrons, protons, 
and neutrons. 


ou have already learned that matter is made of 
` mame units we call atoms. In this chapter 

we']l be exploring how atoms themselves are made 
of even more fundamental units called subatomic parHicles, 
which include electrons, protons, and neutrons. We'1l be 
looking at this from a historical perspective, beginning 
with the discovery of the electron in the early 20th century. 
You will learn that an atom is mostly empty space with 
nearly all of its mass concentrated in a tiny center called 
the afOrtc rucleus. 

As electrons whiz around the atomic nucleus, they 

can absorb or emit energy ¡in the form of light, which 
travels in distinct little packets called hotons. Evidence 
Of this is seen by looking at glowing elements throuph a 
ølass prism, as shown ïn the opening photograph for this 
chapter. By studying this light, scientists have developed 
models of the atom. A few of these models are presented 
in this chapter. Through these models, which continue to 
be refined even today, we gain a powerful understanding 
of how atoms behave. 


Subatomic Particles 


The Quantized Whistle 


Matter is made of tiny particles. 
Each particle is a distinct quantity 
of matter, which is why we say that 2 
matter is quantized. When we say 
something is quantized, we mean 
that it is made of fundamental 
units. Light energy comes to us 

in extremely tiny packets called 
photons and is therefore also 
quantized. But how can energy 

be quantized? What does this 
really mean? The following activity 
provides an analogy. 


continuous breath. lf you can 
whistle, then you can do the 
exercise yourself. Notice that 
the change in pitch is smooth. 


. Have the whistler repeat the 
same whistle into one end of 
a long tube, such as the card- 
board tube inside wrapping 
paper or some piping. Notice 
that the whistlers smooth con- 
tinuous whistle ¡is forced into 
distinct steps. The whistle is 
quantizedl 


ANALYZE AND CONCLUDE 


1. Try experimenting with tubes of 
different lengths. To hear yourself 
more clearly, use a flexible plastic 
tube and twist the outer end 
toward your ear. 


PROCEDURE 


1. Ask someone who knows how 
to whistle to whistle from a high 
pitch to a low pitch in one 


1 Physical and Conceptual Models 


EXPLAIN THIS 
How do we predict the behavior of atoms? 


Atoms are so amazingly small that the number of them in a baseball is roughly 
equal to the number of Ping-Pong balls that could fit inside a hollow sphere as 
big as the Earth, as Figure 1 illustrates. 

Atoms are so small that we can never se them ín the usual sense. This is 
because light travels in waves, and atoms are smaller than the wavelengths of vis- 
Tble light. As illustrated in Figure 2, a sinple object, at any magnification will remain 
invisible if it is smaller than the wavelength of light used to illuminate it. We could 
stack microscope on top of microscope and still not see an individual atom. 

Although we cannot see atoms đ/ccHuy we can gener- 


ate images of them scanning probe microscope 


Indirectiy. The 


Atomsin 
a baseball 


Ping-Pong balls 
in the Earth 


2. Does a longer tube create fewer 
or more steps than a shorter 
tube? Why is it so difficult to 
whistle down a garden hose? 


3. What musical instruments work by 
changes in the length of a tube? 


LEARNING OBJECTIVE 


Distinguish between models that 
describe physical attributes and 
those that describe the behavior 
of a system. 


4 Figure 1 

lf the Earth were filled with nothing but 
Ping-Pong balls, the number of balls would 
be huge and  roughly equal to the number 
of atoms in a baseball. Said differently, if a 
baseball were the size of the Earth, one of its 
atoms would be the size of a Ping-Pong ball. 
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) Figure 2 

(a) A bacterium is visible because it is mụch 
larger than the wavelengths of visible light. 
We can see the bacterium through the 
microscope because the bacterium reflects 
visible light back toward the eye. (b) An 
atom is invisible because it is smaller than 
the wavelengths of visible light, which pass 
by the atom with no reflectioòn—much like 
a blade of grass sticking up in a pond  will 
in no way reflect any much wider water 
waves passing by. 


&@ FORYOUR 
INFORMATION 
Atoms are so small that there are 
more than 10 billion trillion of them in 
each breath you exhale. This number 
of atoms is greater than the number 
of breaths in the earth's atmosphere. 
Within a few years, the atoms of 

your breath are uniformly mixed 
throughout the atmosphere. What this 
means is that anyone anywhere on the 
earth inhaling a breath of air takes in 
numerous atoms that were once part 
of you. And, of course, the reverse is 
true: you inhale atoms that were once 
part of everyone who has ever lived. 
We are literally breathing one another. 


__Ñx... 


What is an accurate conceptual model 
able to predict? 


Subatomic Particles 


does this by dragging an ultrathin needle back and forth over the surface of a 
sample. The result is a computer-generated image of the positions of the atoms 
on the surface. While such an image is both remarkable and useful, it is not a 
photograph showing the actual appearance of the atoms. Atoms do not have 
solid surfaces, as implied by these images. Rather, as we ]I be discussing in this 
chapter, atoms are made of mostly empty space. Envision what empty space 
looks like. Then you will have a more accurate picture of what it/s really like 
down there at the level of atoms and molecules. 

A very small or very large visible object can be represented with a physical 
model, which is a model that replicates the object at a more convenient scale. 
Figure 3a, for instance, shows a large-scale physical model of a microorganism 
that a biology student might use to study the microorganism's structure. 
Because atoms are invisible, however, we cannot use a physical model to repre- 
sent them. In other words, we cannot simply scale up the atom to a larger size, 
as we might with a microorganism. So, rather than describing the atom with a 
physical model, chemists use a conceptual model, which is a representation of 
a system that helps us predict how the system behaves. The more accurate a 
conceptual model, the more accurately it predicts the behavior of the system. 
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^ Figure 3 
(a) This large-scale model of a microorganism is a physical model. (b) Weather forecasters rely on 
conceptual models such as this one to predlict the behavior of weather systems. 


Subatomic Particles 


For example, the weather is best described using a conceptual model like 
the one shown in Figure 3b. Such a model shows how the various components 
of the system——humidity, atmospheric pressure, temperature, electric charge, 
the motion of large masses Of air—interact with one another. Other systems that 
can be described by conceptual models are the economy, population growth, 
the spread of diseases, and team sports. 


€OØO NGEPTGCHECK 


A basketball coach describes a playing strategy to her team by way of 
sketches on a game card. Do the illustrations represent a physical model 
or a conceptual model? 


CHECK YOUR ANSWER The sketches are a conceptual model the coach uses 
to describe a system (the players on the court), with the hope of achieving an outcome 
(winning the game). 


Like the weather, the atom is a complex system of interacting ultra-tiny 
components, notably electrons, protơons, and rreufrơns. The atom, therefore, 1s best 
described with a conceptual model. Thus, you should be careful not to interpret 
any visual representation of an atomic conceptual model as a recreation of an 
actual atom. In Section 6, for example, you will be introduced to the planetary 
model of the atom, wherein electrons are shown orbiting a dense center of 
protons and neutrons (the atomic nucleus) much as planets orbit the Sun. This 
planetary model is limited, however, in that it fails to explain many properties Of 
atoms. Therefore, newer and more accurate (and more complicated) conceptual 
models of the atom have since been introduced. In these models, electrons appear 
as a cloud, but even these models have their limitations. 

In this text, our focus is on conceptual atomic models that are easily rep- 
resented by visual images, including the planetary model and a slightly more 
sophisticated model in which electrons are grouped in units called sửells. Despite 
their limitations, sụch images are excellent guides to learning chemistry, espe- 
cially for the beginning student. We will introduce these models as they were 
developed historically, beginning with the discovery of the subatomic particles. 


2 The Electron Was the First Subatomic Particle Discovered 


EXPLAIN THIS 
Before the advent of LCD screens, why were television sets so very heavy? 


In 1752, Benjamin Franklin (1706-1790) learned from experiments with 
thunderstorms that lightning is a flow of electrical energy through the atmosphere. 
This discovery prompted 19th-century scientists to explore whether or not elec- 
trical energy could travel through gases other than the atmosphere. To find out, 
they passed electricity across ølass tubes in which they had sealed various øases. 

In every case, the result was a brightly glowing ray (Figure 4a). This meant 
that electrical energy was able to travel through different types of gases. To the 
surprise of these early investigators, a ray was also produced when the voltage 
was applied across a glass tube that had been evacuated and was thus empty 
of any gas (Figure 4b). This implied that the ray was not simply the glowing of 
a contained gas but rather an entity ín and of itself. 


ldentify experiments leading to the 
discovery of the electron. 


LEARNING OBJECTIVE 
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(a) 


(b) 


^ Figure 4 

(a) Electrical energy passing through a glass tube filled with neon gas generates a bright 
glowing red. (b) The ray passing through an evacuated glass tube is not usually visible. 
In the tube shown here, however, the ray is highlighted by a fluorescent backing that 
glows green as the ray passes over it. 


Experiments showed that the ray emerged from the end of the tube that 
was negatively charged. Because this negatively charged end was called the 
cathode, the apparatus, shown in Figure 5a, was named a cathode ray tube. 
Magnetic fields deflected the ray, as did small electrically charged metal 
plates. When such plates were used, the ray was always deflected toward the 
positively charged plate and away from the negatively charged plate. Because 
identical charges repel each other, this meant the cathode ray was negatively 
charged. The speed of the ray was found to be considerably less than the speed 
of light. Because of these characteristics, it appeared that the ray behaved more 
like a beam of particles than a beam of light. 


^_A popular myth holds that Franklin 

discovered the electrical nature of lightning 

by flying a kite during a lightning storm. 

Franklin, however, was smart enough to 

know the extreme danger posed by such a 

foolish act. As a practical application of his (a) 
discovery, Franklin invented the lightning 

rod, which is a sharp point of metal placed 

on a rooftop and connected to the ground 

by a long wire. Houses equipped with such (+) 
rods are protected from the danger of 

lightning strikes. =- 


Evacuated tube 


Beam having 
passed through 
hole in anode 


) Figure 5 

(a) A simple cathode ray tube. The small (b) 
hole in the positively charged end of the 

tube, the anode, permits the passage 

of a narrow beam that strikes the end 

of the tube, producing a glowing dot as 

the beam interacts with the glass. 

(b) The cathode ray is deflected by a 

magnetic field. 


Deflection angle 


Deflected 
beam 
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In 1897, J. J. Thomson (1856-1940) measured the deflection angles of 
cathode ray particles in a magnetic field, using a magnet positioned as shown 
in Figure 5b. He reasoned that the deflection of the particles depended on their 
mass and electric charge. The greater a particles mass (inertia), the greater 
1ts resistance to a change in motion, which gives rise to a s1ailer deflection. 
The greater a particle“s charge, the stronger the magnetic interactions, which 
gives rise to a izreer deflecton. The angle of deflection, he concluded, was 
proportional to the ratio of the particle”s charge to its mass: 


charge 


angle of deflection œ 
mass 
Knowing only the angle of deflection, however, Thomson was unable to calcu- 
late either the charge or the mass of each particle. In order to calculate the mass, 
he needed to know the charge, but in order to calculate the charge, he needed 
to know the mass. 


€ONGEPTCHECK 


For which equation is it not possible to calculate one specific value for x? 


x 
SH SH Dị 


CHECK YOUR ANSWER In the first equation, it is possible to figure that 
x = 8 (because 8/2 = 4). In the second equation, one specific value for x cannot be 
determined unless the value of y is known. Similarly, Thomson could not calculate the 
electron's mass without knowing its charge. 


In 1909, the American physicist Robert Millikan (1868-1953) calculated the 
fundamental unit of electric charge on the basis of the innovative experiment 
shown ïn Figure ó. Millikan sprayed tiny oil droplets into a specially designed 
chamber. The droplets picked up a negative charge after passing through a hole in 
a charged plate. Millikan then reversed the charge on the plate so that the droplets 
would be pulled upward. By adjusting the strength of the plate“s charge he could 
get droplets of various sizes to hover motionless. In such cases the upward electric 
force exactly balanced the downward force of øravity. 

Repeated measurements showed that the electric charge on any droplet 
was always some multiple of a single very small value, 1.60 x 10”! 
coulomb, which Millikan proposed to be the fundamental increment of all elec- 
tric charge. (The cøulomnb is a unit of electric charge.) Using this value and the 
charge-to-mass ratio discovered by Thomson, Millikan calculated the mass of 
a cathode ray particle to be considerably less than that of the smallest known 


@ Droplets fall because 
of gravity, with a few 
falling through a hole 
in the positively 
charged plate. 


Œ@) A mist of oil droplets 
is injected into the 
top chamber. 


Observed oil droplet (—) 


Adjustable _ | Charged plate (-:) 
electricfield | Charged plate (—) 


Microscope 


@) The electric field is adjusted until a droplet 
hovers. The upward electric force exerted 
on the droplet by the positively charged 
plate is exactly balanced by the downward 
force of gravity exerted on the droplet. 


_Ô_` 


The greater a particle's mass, the 
greater its resistance to what? 


` 


^ Joseph John Thomson, known to his 
colleagues as .J. J., was one of the first 
directors of the famous Cavendish 
Laboratory of Cambridge University 

in England, where almost all the early 
discoveries concerning subatomic 
particles and their behavior were made. 
Seven of Thomson“s students went on to 
receive Nobel prizes for their scientific 
work. Thomson himself won a Nobel 
prize in 190ó for his work with the 
cathode ray tube. 


4 Figure ó 
Millikan determined the charge of 
an electron with this oil-drop experiment. 
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^. The European science community of 


the 1800s viewed most American scientists 


as inventors—clever, but not profound in 
their thinking or discoveries. This attitude 
began to change at the turn of the 20th 
century, principally because of the work of 


American scientists sụuch as Robert Millikan, 


who excelled in his experimental designs 


and conclusions. In addlition to research, he 


also spent much time preparing textbooks 


so that his students did not have to rely so 


mụch on lectures. He won a Nobel prize 
in 1923 and served as the president of 
Caltech from 1921 to 1945. 


LEARNING OBJECTIVE 


Defend Rutherford's conclusion 
that each atom contains a densely 
packed positively charged center. 


Positively charged 
part of atom 


Negatively charged 
electron 


^ Figure 7 

Thomson'“s plum-pudding model of the 
atom. Thomson proposed that the atom 
might be made of thousands of tiny, 
negatively charged particles swarming 
within a cloud of positive charge, much 
like plums and raisins in an old-fashioned 
Christmas plum pudding. 
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atom, hydrogen. This was startling because at the time the atom was thought 
to be the smallest particle of matter. Here scientists had discovered a particle 
smaller than the smallest atom. 


CO MỤC E606 hBEBCR 


What do the numbers 45, 30, ó0, 75, 105, 35, 80, 55, 90, 20, and ó5 have 
in common? 


CHECK YOUR ANSWER They are all multiples of 5. In a similar fashion, Millikan 
noted electric charges that were multiples of a very small number, which he calculated 
to be 1.ó0 x 10~1? coulomb. 


The cathode ray particle is known today as the electron, a name that comes 
from the Greek word for amber (electrik), whúch is a material the early Greeks used 
to study the efects of static electricity. The electron is a fundamental component 
of all atoms. All electrons are identical, each having a negative electric charge and 
an incredibly small mass of 9.1 x 10”! kilograms. The arrangement of electrons 
1n atoms determine many of a material/s properties, including chemical reactivity 
and such physical attributes as taste, texture, appearance, and color. 

The cathode ray—a stream of electrons—has found a great number of 
applications. Most notably, the original television sets (not the modern LCD 
screens) were cathode ray tubes with one end widened out into a phosphor- 
coated screen. Signals from the television station would cause electrically 
charged plates in the tube to control the direction of the ray in such a way that 
images were traced onto the screen. 


3 The Mass of an Atom ls Concentrated in lts Nucleus 


EXPLAIN THIS 
lf atoms are mostly empty space, why can”t we walk through walls? 


lt was reasoned that if atoms contained negatively charged particles, some 
balancing positively charged matter must also exist. From this, Thomson put 
forth what he called a phưn-pudding model of the atom, shown in Figure 7. 
Further experimentation, however, soon proved this model to be wrong. 
Around 1910, a more accurate picture of the atom came to one of 
Thomson“s former students, the New Zealand physicist Ernest Rutherford 
(1871-1937). Rutherford oversaw the now-famous gold-foil experiment, 


 When Ernest Rutherford was 24, he placed second 

in a New Zealand scholarship competition to attend 
Cambridge University in England, but the scholarship was 
awarded to Rutherford after the winner decided to stay 
home and get married. In addition to discovering the 
atomic nucleus, Rutherford was also first to characterize 
and name many nuclear phenomena. He won a Nobel 
prize in 1908 for showing how elements such as uranium 
can become different elements through the process 

of radioactive decay. At the time, the idea of one 
element transforming to another was shocking and met 
with great skepticism, because it seemed reminiscent 
of alchemy. 


Subatomic Particles 


Alpha particles(+)  Deflected alpha particles 


Source of 
alpha particles 


Undeflected 
alpha particles 


Fluorescent screen 


which was the first experiment to show that the atom is mostly empty space 
and that most of its mass is concentrated in a tiny central core called the 
atomic nucleus. 

In Rutherfords experiment, shown in Figure 8, a beam of positively 
charged particles, called alpha particles, was directed through a very thin 
sheet of gold foil. Since alpha particles were known to be thousands of times 
more massive than electrons, it was expected that the alpha-particle stream 
would not be impeded as it passed through the “atomic pudding“ of gold foil. 
This was indeed observed to be the case—for the most part. Nearly all alpha 
particles passed through the gold foil. However, some particles were deflected 
from their straight-line path as they passed throuph the foil. A few of them were 
even đdeflected straight back toward the source! These alpha particles must have 
hit something relatively massive, but what? 

Rutherford reasoned that undeflected particles traveled through regions of 
the gold foil that were empty space, as Figure 9 shows, and the deflected ones 
were repelled by extremely dense positively charged centers. Each atom, he con- 
cluded, must contain one of these centers, which he named the øf0ric nucleus. 

Rutherford guessed that atomic nuclei must be positively charged to bal- 
ance the negative charge of the electrons in the atom. He also guessed that the 
electrons were not part of this nucleus but still somewhere in the atom. Today 
we know that, as Figure 10 ¡llustrates, the electrons do indeed exist outside the 
nucleus, swirling around it at ultrahigh speeds. 

What Figure 10 does not show is that an atom is mostly empty space, 
with the diameter of the whole atom being about 10,000 times greater than the 
diameter of its nucleus. lf a nucleus were the size of the period at the end of 
this sentence, the outer edges of the atom would be located 3.3 meters (11 feet) 
away. Because electrons are even smaller than the nucleus, and because they 
are widely separated from each other (as well as from the nucleus), atoms are 
indeed mostly empty space—just as our solar system is mostÏy empty space. 


Electron cloud 


4 Figure 10 

Electrons whiz around the atomic nucleus, forming 
what can be best described as an ultrathin cloud. 
lf this illustration were drawn to scale, the atomic 
nucleus would be too small to be seen. An atom is 
mostly empty space. 


4 Figure 8 

Rutherford's gold-foil experiment. A beam 
of positively charged alpha particles was 
directed at a piece of gold foil. Most of the 
particles passed through the foil 
undeflected, but some were deflected. This 
result implied that each gold atom was 
mostly empty space with a concentration 
of mass at its center—the atomic nucleus. 


_Ể". 


What did Rutherford reason about the 
deflected alpha particles? 


b2 Atoms in gold foil 
—— 


Nucleus (+) 


^ Figure 9 

Rutherford's interpretation of the results 
from his gold-foil experiment. Most alpha 
particles passed through the empty space 
of the gold atoms undeflected, but a few 
were deflected by atomic nuclei. 
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^ Figure 11 
As close as Tracy and lan are in this 
photograph, none of their atoms meet. 


Subatomic Particles 


So if atoms are mostÌy empty space, why donít they simply pass through 
one another? They don“t because electrons repel the electrons of neighboring 
atoms. Therefore, two atoms can get only so close to each other before they 
are repelled. This explains why gravity doesnít pull you through the floor 
as you stand. While the force of gravity pulls you down, the electric force 
of repulsion between the atoms of the floor and those of your feet pushes 
you up. As you stand on the floor, these two forces are balanced and you 
find yourself neither falling nor rising—there“s more to standing than most 
people realizel 

Similarly, when the atoms of your hand push against the atoms of a wall, 
repulsions between electrons in your hand and electrons in the wall pre- 
vent your hand from passing through the wall. You sense this repulsion as 
a pressure that pushes back. Qur sense of touch comes from these electrical 
repulsions. Interestingly, when you touch someone, your atoms and those of 
the other person do not meet. Instead, atoms from the two of you get close 
enouph so that you sense an electrical repulsion. There is still a tiny, though 
imperceptible, gap between the two of you (Figure 11). 


4 The Atomic Nucleus ls Made of Protons and Neutrons 


LEARNING OBJECTIVE 
Describe the structure of the 


atomic nucleus and how the atomic 
mass of an element is calculated. 


110 


EXPLAIN THIS 
Why aren“t we harmed by drinking heavy water, D2O? 


The positive charge of any atomic nucleus was found to be equal in magnitude 
to the combined negative charge of all the electrons in the atom. lt was thus 
reasoned, and then experimentally confirmed, that the nucleus contains posi- 
tively charged subatomic particles, which we call protons. Protons are nearly 
2000 times more massive than electrons. The number of protons in a nucleus is 
equal to the number of electrons whirling about it, so the charges are balanced. 

Scientists have agreed to identify elements by atomic number, which is 
the number of protons in the nucleus of each atom of a given element. The 
modern periodic table lists the elements in order of increasing atomic number. 
Hydrogen, with one proton per atom, has atomic number 1; helium, with two 
protons per atom, has atomic number 2; and so on. 


CC NMC EtT DCHECK 


How many protons are there in an iron atom, Fe (atomic number 26)? 


CHECK YOUR ANSWER The atomic number of an atom and its number of 
protons are the same. Thus, there are 2ó protons in an iron atom. Another way to put 
this is that all atoms that contain 2ó protons are, by definition, iron atoms. 


If we compare the electric charges and masses of different atoms, we see 
that an atomic nucleus must be made up of more than just protons. Helium, 
for example, has twice the electric charge of hydrogen but ƒowr times the mass. 
The added mass is due to another subatomic particle found in the nucleus, 
the neutron, which was first detected in 1932 by the British physicist James 
Chadwick (1891-1974). 

Neutrons have about the same mass as protons, but they have no electric 
charge. Any object that has no net electric charge is said to be electrrcallu neutral, 
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TABLE 1 Subatomic Particles 


PARTICLE CHARGE RELATIVE MASS |_ ACTUAL MASS (KG) 


Electron -1 S14 $4 TY 


Proton +1 1.673 x 10-2 


Nucleons { 


Neutron 0 


1.675 x 10-27 


*9.11 x 101 kg = 0.000000000000000000000000000000911 kg. 


and that is where the neutron got its name. 

Both protons and neutrons are called nucleons, a term that denotes their 
location in the atomic nucleus. Figure 12 shows an illustration of a nucleus 
with many nucleons (protons and neutrons). Table 1 summarizes the basic facts 
about electrons, protons, and neutrons. 

For any element, the number of neutrons ¡in the nucleus may vary. For 
example, most hydrogen atoms (atomic number 1) have no neutrons. A small 
percentage, however, have one neutron, and a smaller percentage have two 
neutrons. Similarly, most iron atoms (atomic number 26) have 30 neutrons, but 
a small percentage have 29 neutrons. Atoms of the same element that contain 
different numbers of neutrons are isotopes of one another. 

We identify isotopes by their mass number, which is the total number 
of protons plus neutrons (n other words, the number of nucleons) in the 
nucleus. As Figure 13 shows, a hydrogen isotope with only one proton 1s 
called hydrogen-1, where 1 is the mass number. A hydrogen isotope with one 
proton and one neutron is therefore hydrogen-2, and a hydrogen isotope with 
one proton and two neutrons is hydrogen-3. Similarly, an iron isotope with 
26 protons and 30 neutrons is called iron-56, and one with only 29 neutrons 
1s Iron-55. 

An alternative method of indicating isotopes 1s to write the mass number 
as a superscript and the atomic number as a subscript to the left of the atomic 
symbol. For example, an iron isotope with a mass number of 56 and atomic 
number of 26 is written as 


Mass numbers 56 
Fe—Atomic symbol 
Atomic number ⁄⁄ 


The total number of neutrons ïn an isotope can be calculated by subtracting 
1ts atomic number from its mass number: 


mass number 
— atomic number 
number of neutrons 


For example, uranium-238 has 238 nucleons. The atomic number of uranium 


@ 5 


Hydrogen-1 Hydrogen-2 Hydrogen-3 lron-56 lron-55 
1 proton 1 proton 1 proton 26 protons 26 protons 
0 neutron 1 neutron 2 neutrons 30 neutrons 29 neutrons 
(protium) (deuterium) (tritium) 


J I 
Hydrogen isotopes lron isotopes 


Nucleus 


Proton 


Neutron 


^ Figure 12 

An illustration of an atomic nucleus show- 
ing its protons and neutrons all clumped 
together. Warning! This is not what the 
nucleus really looks like. lInterestingly, the 
atomic nucleus, just like the atom, is also 
made of mostly empty space, but is filled 
with a very high concentration of energy. 


"-...‹‹-«<‹ 


How are isotopes identified? 


4 Figure 13 

lsotopes of an element have the same 
number of protons but different numbers 
of neutrons and hence different mass 
numbers. The three hydrogen isotopes 
have special names: protium for 
hydrogen-1, deuterium for hydrogen-2, 
and tritium for hydrogen-3. Of these 
three isotopes, hydrogen-†1 is the most 
common. For most elements, such as iron, 
the isotopes have no special names and 
are indicated merely by mass number. 
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) Figure 14 
Helium, He, has an atomic mass of 4.003 
atomic mass units, and neon, Ne, has an 


atomic mass of 20.180 atomic mass units. 
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1s 92, which tells us that 92 of these 238 nucleons are protons. The remaining 
146 nucleons must be neutrons: 


238 protons and neutrons 
—92 protons 
146 neutrons 


Atoms interact with one another electrically. Therefore, the way any atom 
behaves in the presence of other atoms is determined largely by the charged 
particles it contains, especially its electrons. Isotopes of an element differ only 
by mass, not by electric charge. For this reason, isotopes of an element share 
many characteristics—in fact, as chemicals they cannot be distinguished from 
one another. For example, a sugar molecule containing carbon atoms with 
seven neutrons is digested no differently from a sugar molecule containing 
carbon atoms with six neutrons. Interestingly, about 1 percent of the carbon 
we consume ¡1n food is the carbon-13 isotope, containing seven neutrons per 
nucleus. The remaining 99 percent of the carbon in our diet is the more com- 
mon carbon-12 isotope, containing six neutrons per nucleus. 

The total mass of an atom ¡is called its atomic mass. This is the sum of the 
masses of all the atom“s components (electrons and the nucleus). Because elec- 
trons are so much less massive than the nucleus, their contribution to atomic 
mass is negligible. A special unit has been developed for atomic masses. This is 
the afomic mmass unit, amu; 1 atomic mass unit is equal to 1.661 x 10 ~?! gram, 
which ¡s slightly less than the mass of a single proton. As shown in Figure 14, 
the atomic masses listed in the periodic table are in atomic mass units. As is 
explored in the Calculation Corner, the atomic mass of an element as presented 
in the periodic table is actually the average atomic mass of the various isotopes 
of that element occurring in nature. 


CO ẲWNCGCETlb II CTRECKkK 


Distinguish between mass number and atomic mass. 


CHECK YOUR ANSWER Both terms include the word mass, so they are easily 
confused. Focus your attention on the second word of each term, however, and you ÏÌ 
get it right every time. Mass number is a count of the number of nucleons in an isotope. 
An atom's mass number requires no units because it is simply a count. Atomic mass is 
a measure of the total mass of an atom, which is given in atomic mass units. lÝ neces- 
sary, atomic mass units can be converted to grams using the relationship 1 atomic mass 
unit = 1.óó1 x 10?! gram. 


Atomic mass 
in atomic mass 
units 
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CALCULATION CORNER CALCULATING ATOMIC MASS 


Roughly 99 percent of all carbon atoms, are the isotope 
carbon-12, and most of the remaining 1 percent are the 
heavier isotope carbon-13. This small amount of carbon-13 
raises the average mass of carbon from 12.000 atomic mass 
units to the slightly greater value 12.011 atomic mass units. 

To arrive at the atomic mass presented ¡in the periodic 
table, you first multiply the mass of each naturally occurring 
1sotope of an element by the fraction of its abundance and 
then add up all the fractions. This gives you the r0eiehfed 
querase of all the isotopes. 


EXAMPLE 


Carbon-12 has a mass of 12.0000 atomic mass units and makes 
up 98.89 percent of naturally occurring carbon. Carbon-13 
has a mass of 13.0034 atomic mass units and makes up 1.11 
percent of naturally occurring carbon. se this information to 
show that the atomic mass of carbon shown ¡ïn the periodic 
table, 12.011 atomic mass units, is correct. 


ANSWER 


Recognize that 98.89 percent and 1.11 percent expressed as 
fractions are 0.9889 and 0.0111, respectively. 


Contributing Contributing 


Mass of 12C Mass of 1%C 
Fraction of 
Abundance 0.9889 0.0111 
Mass(amu)  x 12.0000 x130034ƒÿ Sf€P1 
11.867 0.144 
atomic mass = 11.867 + 0.144 = 12.011 step 2 


YOUR TURN 


Chlorine-35 has a mass of 34.97 atomic mass units, and 
chlorine-37 has a mass of 36.95 atomic mass units. Determine 
the atomic mass of chlorine, Cl (atomic number 17), If 
75.53 percent of all chlorine atoms are the chlorine-35 isotope 
and 24.47 percent are the chlorine-37 isotope. 


5 Light ls a Form of Energy 


EXPLAIN THIS 
How are microwaves and X rays similar? How are they different? 


Modern models of the atom were developed by scientists to explain how atoms 
emit light. To help you understand and appreciate these models, it is good to 
review the basic concepts regarding the nature of light. 

From physics we learn that surrounding every charged particle is an elecfric 
ield, which is a region of space through which the electric force of that charged 
particle may act. If an electron were to start vibrating, the electric field sur- 
rounding that electron would also start to vibrate and at the same frequency. 
Interestingly, such a vibrating electric field generates a complementary vibrat- 
ing magnetic field, which in turn reinforces the vibrating electric field. The net 
result is a series of self-reinforcing electric and magnetic waves that propagate 
away from the vibrating electron. 

By analogy, you know that if you shake the end of a stick back and forth in 
still water, you create waves that travel outward on the water s surface. lf you 
similarly shake an electrically charged rod in empty space, you create electro- 
magnetic waves in space that also travel outward. Electromagnetic waves, how- 
ever, are oscillations (vibrations) of electric and magnetic fields, not oscillations 
of a material medium such as water. These waves are called electrornaenelic radia- 
Hơn. Most of the electromagnetic radiation we encounter is generated by elec- 
trons, which can oscillate at exceedingly high rates because of their small size. 

The distance between two crests of an electromagnetic wave ¡is called 
the :0zuelength of the wave. Figure 15 labels two wavelengths—one very 
long, the other very short—on a fictitious wave drawn for illustration only. 
Electromagnetic waves can also be characterized by their r0ue ƒrequenc, a 
measure of how rapidly they oscillate. The basic unit of wave frequency is the 
hertz (abbreviated Hz), where 1 hertz equals 1 cycle per second. The higher 
the frequency of a wave, the shorter its wavelength and the greater its energy. 


LEARNING OBJECTIVE 


Describe the nature and range of 
electromagnetic waves. 


"ẨNãẽ.c 


What are electromagnetic waves? 
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~ Energy increases 
Short wavelength Long wavelength 
¬ 
10”nm 10”nm 1nm 103nm 106 nm 1m 103m 
| | | | | | | 
Gamma rays Xrays Ultraviolet Infrared Microwaves Radio waves 
J J | J J | J | | | | 
102Hz 102Hz 109Hz 10!°Hz 10!Hz 102Hz  10!9Hz 108Hz 106Hz 10Hz 102Hz 


High frequency 


Low frequency 


Visible light 


7x 10!Hz 


&@ FOR YOUR 

INFORMATION 
Tap the end of a stick on the surface 
of some still water. Do this repeatedlly 
and you will generate waves that 
emanate outward. The faster you tap 
your stick, the closer together the 
waves are to one another, but the 
speed at which they travel outward 
remains the same. Try it and seel 
Similarly, as electrons oscillate back 
and forth in an atom, they generate 
electromagnetic waves that emanate 
from the atom. All electromagnetic 
waves travel at the same speed, 
which is the speed of light. 
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4x1014Hz 


^ Figure 15 

The electromagnetic spectrum is a continuous band of wave frequencies extending from high- 
energy gamma rays, which have short wavelengths and high frequencies, to low-energy radio 
waves, which have long wavelengths and low frequencies. The descriptive names of these 
regions are merely a historical classification, for all waves are the same in nature, differing only 
in wavelength and frequency. lnterestingly, the speed at which they travel is also the same. This 
is the speed of light, which is about 3 < 10Ẻ meters per second. 


Figure 15 shows a full range of frequencies and wavelengths of electromag- 
netic radiation ïn a display known as the electromagnetic spectrum. The most 
energetic region of the electromagnetic spectrum consists of gamma rays. Next 
is the region of slightly lower energy, where we find X rays, and following that 
1s the electromagnetic radiation we call ultraviolet light. Within a narrow region 
from about 7 x 1012 (700 trillion) hertz to about 4 < 1012 (400 trillion) hertz are 
the frequencies of electromagnetic radiation known as visible light. This region 
includes the rainbow of colors our eyes are able to detect, from violet at 700 
trillion hertz to red at 400 trillion hertz. Lower in energy than visible light are 
infrared waves (detected by our skin as “heat waves”), then microwaves (used 
to cook foods), and finally radio waves (throupgh which radio and television 
signals are sent)—the waves of lowest energy. 


CO NCEPEBT€CHECK 


Can you see radio waves? Can you hear them? 


CHECK YOUR ANSWER Your eyes are equipped to see only the narrow range 
of frequencies of electromagnetic radiation from about 700 trillion to 400 trillion 
hertz—the range of visible light. Radio waves are one type of electromagnetic radia- 
tion, but their frequency is much lower than what your eyes can detect. Thus, you can't 
see radio waves. Neither can you hear them. You can, however, turn on an electronic 
gizmo called a radio, which translates radio waves into signals that drive a speaker to 
produce sound waves your ears can hear. 


We see white light when all frequencies of visible lipht reach our eye at 
the same time. By passing white light through a prism or throuph a diffraction 
grating, which is a glass plate or plastic sheet with microscopic lines etched into 
1t, the color components of the light can be separated, as shown in Figure 1ó. 
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(Remember—each color of visible light corresponds to a different frequency.) 
A spectroscope, shown in Figure 17, is an instrument used to observe the color 
components of any light source. As we discuss in the following section, a spec- 
troscope allows us to analyze the frequencies of light emitted by elements as 
they are made to glow. 


4 Figure 16 

White light is separated into its color 
components by (a) a prism and (b) a 
diffraction grating. 


(a) (b) 


A FYY. NV 22 
Prism (cross-section) Diffraction grating 
White light directly 
from light source 
| : Color components of 
Diffraction white light separated 
Spectroscope grating by spectroscope 


fall on retina 


Narrow slit 


Atoms in filament excited 
by electricity 


(a) 


Smooth, continuous White light Smooth, continuous 
spectrum from white light directly from spectrum from white light 
(b) light source (mirror image) 


^ Figure 17 

(a) In a spectroscope, light emitted by atoms passes through a narrow slit before being separated into particular frequencies by a prism or 
(as shown here) a diffraction grating. (b) This is what the eye sees when the slit of a diffraction-grating spectroscope is pointed toward a 
white-light source. Spectra of colors appear to the left and right of the slit. 
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LEARNING OBJECTIVE 


Recount how the quantum nature 
of eneroy led to Bohrs planetary 
model of the atom. 


FORYOUR 


®) INFORMATION 


A star“s age is revealed by its 
elemental makeup. The first and 
oldest stars were composedl of 
hydrogen and helium, because those 
were the only elements that existed 
at that time. Heavier elements were 
produced after many of these early 
stars exploded in supernovae. Later 
stars incorporated these heavier 
elements in their formation. In 
general, the younger a star, the 
greater the amounts of these heavier 
elements it contains. 


} Figure 18 

Elements heated by a flame glow their 
characteristic color. This is commonly 
called a flame test and is used to test for 
the presence of an element in a sample. 
When viewed through a spectroscope, 
the color of each element is revealed to 
consist of a pattern of distinct frequencies 
known as an atomic spectrum. 
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ó_ Atomic Spectra and the Quantum Hypothesis 


EXPLAIN THIS 


Why do atomic spectra contain only a limited number of light frequencies? 


Light is given off by atoms subjected to various forms of energy, such as heat 
or electricity. The atoms of any given element in the gaseous phase emit only 
certain frequencies of light, however. As a consequence, each element emits its 
own distinctive glow when energized. Sodium atoms emit bright yellow light, 
which makes them useful as the light source in street lamps because our eyes 
are very sensitive to yellow light. To name just one more example, neon atoms 
emit a brilliant red-orange light, which makes them useful as the light source 
1n neon siøns. 

When we view the light from glowing atoms through a spectroscope, we 
see that the light consists of a number of discrete (separate from one another) fre- 
quencies rather than a continuous spectrum like the one shown in Figure 17. The 
pattern of frequencies formed by a given element—some of which are shown 
1n Figure 18——is referred to as that element“s atomic spectrum. The atomic spec- 
trum is an elements fingerprint. You can identify the elements in a light source 
by analyzing the light through a spectroscope and looking for characteristic 
patterns. If you don/t have the opportunity to work with a spectroscope in your 
laboratory, check out the Think and Do activities at the end of this chapter. 


Strontium, Sr 


Potassium, K 


Barium, Ba 


Copper, Cu 
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C1 CC E[ TñCGCHECK 


How might you deduce the elemental composition of a star? 


CHECK YOUR ANSWER Aim a well-built sbectroscope at the star, and stud|y its 
spectral patterns. In the late 1800s, this was done with our own star, the Sun. Spectral 
patterns of hydrogen and some other known elements were observed, in addition to 
one pattern that could not be identified. Scientists concluded that this unidentified 
pattern belonged to an element not yet discovered on the Earth. They named this 
element helium after the Greek word for “sun,” helios. 


The Quantum Hypothesis 


An important step toward our present-day understanding of atoms and their 
spectra was taken by the German physicist Max Planck (1858-1947). In 1900, 
Planck hypothesized that light energy is q⁄anmfized in much the same way 
matter is. The mass of a gold brick, for example, equals some whole-number 
multiple of the mass of a single gold atom. Similarly, an electric charge is 
always some whole-number multiple of the charge on a single electron. Mass 
and electric charge are therefore said to be quanfizcd, in that they consist of 
some number of fundamental units. 

Planck identiied each discrete parcel of light energy as a quantum, 
represented in Figure 19. A few years later, Einstein recognized that a quantum 
of light energy behaves much like a tiny particle of matter. lo emphasize its 
particulate nature, each quantum of light was called a photon, a name coined 
because of its similarity to the word electron. 

Using Planck/s quantum hypothesis, the Danish scientist Niels Bohr (1885- 
1962) explained the formation of atomic spectra as follows. First, an electron 
has more potential energy when farther from the nucleus. This is analogous to 
the greater potential energy an object has when held higher above the ground. 
Second, Bohr recognized that when an atom absorbs a photon of light, it is 
absorbing energy. This energy is acquired by one of the electrons. Because this 
electron has gained energy, it must move away from the nucleus. 

Bohr realized that the opposite is also true: when a high-potential- 
energy electron in an atom loses some of its energy, the electron moves 
closer to the nucleus and the energy lost from the electron is emitted from 
the atom as a photon of light. Both absorption and emission are ¡llustrated 
1n Figure 20. 


Light source 


Light beam 


One quantum (photon) of light 


^ Figure 19 
Light is quantized, which means it consists of a stream of energy packets. Each packet is called a 
quantum, also known as a photon. 


_,Ñ` nh. 


What does an electron have when 
†arther from the nucleus? 
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) Figure 20 

An electron is lifted away from the nucleus 
as the atom it is in absorbs a photon of 
light and drops closer to the nucleus as the 
atom releases a photon of light. 


^- Niels Bohr (1885-1962) and Albert 
Einstein (1879-1955) were good friends 
and colleagues, but they differed on 
their views of quantum theory and its 
philosophical implications. Einstein 
accepted quantum theory but was one 
of its strongest critics. His critiques were 
answered for the most part by Niels Bohr 
through a series of exchanges, called the 
Bohr-Einstein debates, spanning the latter 
parts of their lives. 


dus† œs T can† s†and 
be†ween †wo odjacen† 
s†eps, an elec†ron canT† 
exis† be†ween †wo 

enerqy levels. 
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Electron 
“è High potential z% 
Z energy kộ "=-.._ 

An electron j \ An electron 
gains potential h h loses potential 
energy and h ; energy and 
moves farther % ' ý NT moves closer 
from the Low potential ⁄ ⁄ to the nucleus, 


nucleus after ko —— enegy_ _ —Ố resulting in the 
absorbing Ni emission of 


a photon. 2n £ a photon. 


Nucleus Nucleus 


Bohr reasoned that because light energy is quantized, the energy of an elec- 
tron in an atom must also be quantized. In other words, an electron cannot have 
just any amount of potential energy. Rather, within the atom there must be a 
number of distinct energy levels, analogous to steps on a staircase. Where you are 
on a sfaircase is restricted to where the stebs are—you cannot stand at a height 
that is, say, halfway between any two adjacent steps. Similarly, there are only a 
limited number of permitted energy levels in an atom, and an electron can never 
have an amount of energy between these permitted energy levels. Bohr gave 
each energy level a quantum number #, where 0: is always some integer. The 
lowest energy level has a quantum number # = 1. An electron for which ø# = 1 
1s as close to the nucleus as possible, and an electron for which 1 = 2,1 = 3,and 
so forth is farther away, in a step-wise fashion, from the nucleus. 


CONCEPTGHECK 


What ¡is released as an electron transitions from a higher to a lower 
energy level? 


CHECK YOUR ANSWER A photon of light. 


sing these ideas, Bohr developed a conceptual model in which an electron 
moving around the nucleus is restricted to certain distances from the nucleus, 
with these distances determined by the amount of energy the electron has. Bohr 
saw this as similar to the way the planets are held in orbit around the Sun at 
given distances from the Sun. The allowed energy levels for any atom, there- 
fore, could be graphically represented as orbits around the nucleus, as shown 
in Figure 21. Bohr's quantized model of the atom thus became known as the 
planetar model. 

Bohr used his planetary model to explain why atomic spectra contain only 
a limited number of light frequencies, as shown in Figure 22. According to the 
model, photons are emitted by atoms as electrons move from higher-energy 
outer orbits to lower-energy inner orbits. The energy of an emitted photon 1s 
equal to the difference in energy between the two orbits. Because an electron 
1s restricted to discrete orbits, only particular light frequencies are emitted, as 
atomic spectra show. 

Interestingly, any transition between two orbits is always instantaneous. In 
other words, the electron doesnt “jump“ from a higher to a lower orbit the way 
a squirrel Jumps from a higher branch ïn a tree to a lower one. Rather, it takes 
no time for an electron to move between two orbits. Bohr was serious when he 
stated that electrons could never exist between permitted energy levels! 
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COGONGEPTCHECKXK 


ls the Bohr model of the atom a physical model or a conceptual model? 


CHECK YOUR ANSWER The Bohr model is a conceptual model. lt is not a 


scaled-up version of an atom but instead is a representation that accounts for the 
atom' behavior. 


Bohr“s planetary atomic model proved to be a tremendous success. By 
utilizing Plancks quantum hypothesis, Bohrs model solved the mystery 
of atomic spectra. Despite its successes, though, Bohr's model was limited, 
because it did not explain why energy levels in an atom are quantized. Bohr 
himself was quick to poïnt out that his model was to be interpreted only as a 
crude beginning and that the picture of electrons whirling about the nucleus 


like planets about the Sun was not to be taken literally (a warning to which 
popularizers of science paid no heed). 
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4 Figure 21 

Bohr's planetary model of the atom, 
in which electrons orbit the nucleus 
much as planets orbit the Sun, is a 
graphical representation that helps us 
understand how electrons can possess 
only certain quantities of energy. 


4 Figure 22 

The frequency of light emitted (or 
absorbed) by an atom is proportional 
to the energy difference between 
electron orbits. Because the energy 
differences between orbits are dliscrete, 
the frequencies of light emitted (or 
absorbegd) are also discrete. The electron 
here can emit only three discrete 
frequencies of light—A, B, and C. The 
greater the transition, the higher the 
frequency of the photon emitted. 
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LEARNING OBJECTIVE 


Summarize how electrons, when 
confined to an atom, behave as 
self-reinforcing wavelike entities 
representedl by atomic orbitals. 


ÔÑ `. 


What does the wave nature of an 
electron help to explain? 
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7 Electrons Exhibit Wave Properties 


EXPLAIN THIS 
How is a plucked guitar string like an electron in an atom? 


Tf light has both wave properties and particle properties, why can't a material par- 
ticle, such as an electron, also have both? This question was posed by the French 
physicist Louis de Broglie (1892-1987) while he was still a graduate student in 
1924. His revolutionary answer was that every moving particle of matter—by 
virtue of its energy of motion—is endowed with the characteristics of a wave. 

We now speak of waves as an essential feature of any bit of matter. An 
electron, or any particle, can show i1tself as a wave or as a particle, depending 
on how we examine it. This is called the wave-particle duality. Just a few years 
after de Broglie”s suggestion, researchers in Great Britain and the United States 
confirmed the wave nature of electrons by observing diffraction and interfer- 
ence effects when electrons bounced from crystals. A practical application of 
the wave properties of electrons is the electron microscope, which focuses not 
visible-light waves but rather electron waves. Electron microscopes are able to 
show far greater detail than optical microscopes, as Figure 23 shows. 

An electron's wave nature can be used to explain why electrons in an atom 
are restricted to particular energy levels. Permitted energy levels are a natural 
consequence of the need for electron waves to form stable patterns around the 
atomic nucleus. 

As an analogy, consider the wire loop shown ¡in Figure 24a. This loop is 
affixed to a mechanical vibrator that can be adjusted to create a series Of waves 
traveling through the wire. If the lengths of the waves are equal to the length 
of the wire (or some fraction thereof), then these waves form what is called a 
stqnđïng tuaue, as shown1n Figure 24b. Within a standing wave,identically sized 
waves overlap one another, and they do so in a manner that creates regions 
of maximum intensity and other regions of minimum ¡intensity. A region 


^ Figure 23 

(a) An electron microscope makes practical use of the wave nature of electrons. The wave- 

lengths of electron beams are typically thousands of times shorter than the wavelengths of 
visible light, so the electron microscope is able to distinguish detail not visible with optical 

microscopes. (b) Detail of a female mosquito's head as seen with an electron microscope at 
a “low” magnification of 200 times. Note the remarkable resolution. 
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Mechanical Wire 

vibrator loop 
(a) (b) Wavelength is self-reinforcing. (c) Wavelength produces chaotic motion. 
^ Figure 24 


(a) A wire loop affixed to the post of a mechanical vibrator at rest. Waves are sent through the 
wire when the post vibrates. (b) Only waves of certain wavelengths are able to form standing 
waves. The one shown here is 2/3 the length of the loop. (c) Most other wavelengths result in 
chaotic motion with no specific regions of maximum and minimum intensities. 


of maximum intensity occurs where crests are overlapping with crests and 
troughs are overlapping with troughs. (Note: a “crest” ¡s the high point of 
a wave while a “trough” ¡s the low point of a wave.) A region of minimum 
intensity occurs where crests and troughs overlap so as to cancel each other 
out. At the center of minimum intensity is a point of zero intensity, which 1s 
called a nođe. 

For a given size of the wire loop, only certain wavelengths will give rise 
to a stable standing wave. Waves of any other wavelength are unable to align 
properly and the result is chaotic motion, as suggested in Figure 24c. These 
same ideas apply to electron waves within an atom. We find that only certain 
electron wavelengths form standing waves. Because of their stability, these 
particular electron wavelengths are favored. 

But why does an electron have wavelike characteristics? Recall that accord- 
¡ng to de Broglie, the wavelength of an electron is a consequence of its energy. 
Sipnificantly, if only certain wavelengths are favored, then it follows that only 
certain amounts of energy are favored. In other words, the energy of an electron 
confined to an atom 1s quanfized. Consider the Hands-On Chemistry activity 
at the beginning of this chapter. With this activity we see that when a sound 
wave is confined to a tube, the consequence is a quantization of its frequencies. 
Likewise, when an electron is confined to an atom, the consequence is a quan- 
tization of the electron's energy. 

Each standing wave of an electron corresponds to one of the permitted 
energy levels seen in Figures 21 and 22. Only the frequencies of light that 
match the difference between any two of these permitted energy levels can be 
absorbed or emitted by an atom. The wave nature of electrons also explains 
why they do not spiral closer and closer to the positive nucleus that attracts 
them. By viewing each electron orbit as a standing wave, we see that the 
circumference of the smallest orbit can be no smaller than a single wavelength. 


CCO CET ID C6 HECK 


What must an electron be doing in order to have wave properties? 


CHECK YOUR ANSWER According to de Broglie, particles of matter behave like 
waves by virtue of their motion, which is a form of energy. An electron must therefore 
be moving in order to have wave properties. 
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B“ẢẢN.. 


What does a probability cloud closely 
approximate? 
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Probability Clouds and Atomic Orbitals Help Ús 
Visualize Electron Waves 


Electron waves are 3-dimensional, which makes them dđifficult to visualize, but 
scientists have come up with two ways of visualizing them: as ørobabilit/ clouds 
and as af0c orbitals. 

Look carefully at the standing wave of Figure 24b. Note that there are 
regions where the wire vibrates intensely and others where it doesn't appear 
to vibrate at all. In a similar fashion, electron waves in an atom vibrate more 
intensely in some regions than in others. In 1926, the Austrian-German scientist 
Erwin Schrodinger (1887-1961) formulated a remarkable equation from which 
the intensities of electron waves in an atom could be calculated. It was soon 
recognized that the wave intensity at any given location determined the prob- 
ability of finding the electron at that location. In other words, the electron was 
most likely to be found where its wave intensity was greatest and least likely 
to be found where its wave intensity was smallest. 

If we could plot the positions of an electron of a given energy over time 
as a serles of tiny dots, the resulting pattern would resemble what is called a 
probability cloud. Figure 25a shows a probability cloud for hydrogen“s electron. 
The denser a region of the cloud, the greater the probability of fnding the electron 
1n that region. The densest regions correspond to where the electron's wave inten- 
Sity 1s preatest. A probability cloud is therefore a close approximation of the actual 
shape of an electron“s 3-dimensional wave. Interestingly, this cloud has no distinct 
surface. Rather, there is some probability that the electron could be very far away 
from the nucleus, but that probability quickly decreases with increasing distance. 

An atomic orbital, like a probability cloud, specifies a volume of space where 
the electron 1s most likely to be found. By convention, atomic orbitals are drawn 
to delineate the volume inside which the electron is located 90 percent of the time. 
This gives the atomic orbital an apparent border, as shown ¡in Figure 25b. This 
border is arbitrary, because the electron may exist on either side of it. Almost all 
of the time, thouph, the electron remains within the border. So, probability clouds 
and atomic orbitals are essentially the same thing. They differ only in that atomic 
orbitals specify an outer limit, which makes them easier to depict graphically. 

As Table 2 shows, atomic orbitals come in a variety of shapes, some 
quite exquisite. We categorize these orbitals using the letters s, ø, đ, and ƒ. 
The simplest is the spherical s orbital. The ø orbital consists of two lobes and 
resembles an hourglass at the center of which there is a node. There are three 
kinds of ? orbitals, which differ from one another only by their orientation in 
3-dimensional space. The more complex đ orbitals have five possible shapes, 
and the ƒ orbitals have seven. 


(a) Probability cloud (b) Atomic orbital 


^ Figure 25 

(a) The probability cloud for hydrogen's electron in an x, y, z coordinate system. The nucleus is 
located at the origin, which is where all three lines intersect. The more concentrated the dots, the 
greater the chance of finding the electron at that location. (b) The atomic orbital for hydrogen's 
electron. The electron is somewhere inside this spherical volume 90 percent of the time. 
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TABLE 2 Four Categories of Atomic Orbitals: s, p, d, f 
ORBITAL TYPE SPATTIAL ORIENTATIONS 
=) 


The s orbital has | 
only one shape, 
which is spherical. @- 


P 
There are three p 
orbitals. They dliffer | 
by orientation. 


d 


There are five d 
orbitals. 


f 


There are seven f 
orbitals. 


€ @}Ì |ÍN| Œ |5 ÍP 1 (S [an |3 (6 bé 
What is the relationship between a probability cloud and an atomic orbital? 


CHECK YOUR ANSWER A probability cloud indicates the most probable 
location of an electron of a given energy within an atom. An atomic orbital is the 
same as a probability cloud except that it specifies the volume in which the electron 
may be located 90 percent of the time. 


In addition to a variety of shapes, atomic orbitals also come in a variety of 
sizes. In general, energetic electrons are able to spend more of their time far- 
ther away from the attracting nucleus, which means they are distributed over 
a greater volume of space. The higher the energy of the electron, therefore, the 
larger its atomic orbital. Because electron energies are quantized, however, the 
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1s 


^ Figure 2ó 

The 2s orbital is larger than the 1s orbital 
because the electrons in the 2s orbital 
have greater energy. 


Kn Bộ) 
nã » 


Clockwise electron spin Counterclockwise 
electron spin 


^ Figure 27 
Two electrons can pair together when they 
have opposite spins. 
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possible sizes of the atomic orbitals are also quantized. The size of an orbital 
1s indicated by Bohrs quantum number 0: = 1, 2, 3, 4, and so on. The first two 
s orbitals are shown in Figure 2ó. The smallest s orbital is the 1s (pronounced 
“one-ess”), for which the quantum number is 1. The next largest s orbital is the 
2s, and so forth. 


( (O) ÍN| € |5 lƑ ]í (< |n| |3 te |< 
Distinguish between an orbital and one of Bohr's orbits. 


CHECK YOUR ANSWER An orbit is a distinct path followed by an object in 
its revolution around another object, like a planet around the Sun. An atomic orbital 
is a volume of space around an atomic nucleus where an electron of a given energy 
will most likely be found. 


Each Orbital Can Hold up to Two Electrons 


In the early 20th century, quantum physicists learned that electrons have a 
property called s7. Spin can have two states, analogous to a ball spinning 
either clockwise or counterclockwise, as shown in Figure 27. Because an elec- 
tron has an electric charge, the spinning generates a tiny magnetic field. Two 
electrons spinning in opposite direcHons have oppositely aligned magnetic 
fields. This allows those two electrons—but no more than those two electrons—— 
to come together as a pair within the same atomic orbital. 

For atoms with multiple electrons, this idea of two electrons per orbital is 
of central importance. Consider the helium atom, which has two electrons. At 
their lowest energy states, both of these electrons will reside within the same 1s 
orbital because this orbital has a capacity of two electrons. What about lithium, 
which has three electrons? TWwo of its electrons will fill the 1s orbital. Lithium/“s 
third electron, however, must enter the higher energy 2s orbital. 


Energy-Level Diagrams Describe How Orbitals 
Are Occupied 


The increasing energy levels of the various atomic orbital are depicted in an 
energy-level điagram, as shown in Figure 28. Note that each orbital 1s repre- 
sented schematically as a box and that each electron is represented by an arrow. 
This arrow points either up or down depending tupon the spin of the electron. 
Tí two electrons are in the same orbital (box), their spins (arrows) must point in 
opposite directions. It is the natural tendency of electrons to occupy the lowest- 
energy orbitals first. These are the orbitals that bring the electron closest to the 
atomic nucleus, which attracts electrons because of its positive charge. So the 
electrons of an atom fill the orbitals of an energy-level diagram from bottom to 
top. Figure 28 shows how the orbitals of a rubidium atom are filled. 

The arrangement of an atom/s electrons within orbitals is called its electron 
configuration. Figure 28 shows the electron configuration for rubidium. An 
abbreviated way of presenting an electron configuration is to write the quan- 
tum number and letter of occupied orbitals and then use a superscript to indi- 
cate the number of electrons in each of those orbitals. For each of the group 1 
elements, the notation is as follows: 


Hydrogen.H 1=! 

Lithium, Li 1s22s1 

Sodium,Na  1s22s72p63s! 

Potassium,K  1522s22ø63s23p64s! 

Rubidium, Rb_ 1s72s22ø3s^3p64s23j10465s! 

Cesium, Cs 1s22s?2p63s2364s^23dj10Ay65s2A3j10566s1 

Francium, Er  1s22s?2p53s^3p^4s^3j104p65s^4j!05u66s24ƒ145/j106p67s! 
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Look carefully at rubidium/s s orbitals 


electron configuration as shown pre- 


porbitals 
High energy 
(far from 


dorbitals forbitals 


viously and also in Figure 28 and see 


nucleus) LNL> mm 


how they correspond. Note also that 
all the superscripts for an atom must 
add up to the total number of elec- 


7p 


= N[Ƒ Sj R ầ R k ầ k » 


trons in the atom—1 for hydrogen, 


3 for lithium, 11 for sodium, and ep 


so forth. Also note that the orbitals 


sa — imimmjmlimR 


are listed in order of their energy mã 


levels as seen on the energy-level 
diagram. This explains why the 4s 
orbital is listed before the 3đ orbitals 


even thouph it has a higher quan- 


F>] 
“<- 
F27] 
Bãi 


tum number. Lastly, to simplify the 
task of writing out an electron con- 
figuration, the inner electrons can 
be represented using the symbol for 
a noble gas element in brackets. For 
example, the configuration for alu- 
minum, AI, 1s22s22p63s^2p], can be 
written as [Ne] 3s72p!, where [Ne] is lễ 
shorthand for 1s72s^2ø6. 

An atom“s outermost electrons 
are the ones that interact most 
strongly with the external environ- 
ment. Because of this, these outer- 
most electrons play a key role in 
determining the properties of the 
atom—both chemical and physical. 
Elements that have similar electron 
configurations in their outermost 
orbitals, therefore, have similar properties. For example, in the alkaline metals 
of group 1, shown previously, the outermost occupied orbital (shown in blue) 1s 
an s orbital containing a single electron. In general, elements in the same group 
of the periodic table have similar electron configurations, which explains why 
elements in the same group have similar properties. 


ENERGY 


2p 


Low energy 
(close to 
nucleus) 


^ Figure 28 


CÔNG EPTCHECK 


What is the electron configuration for bromine, Br (atomic number 35)? 


CHECK YOUR ANSWER The electron configuration for bromine is 1s22s2 
2p3s23p4s23d104p°. This can also be represented  as [Ar] 4s23d104p°. 


There are many interesting details to be said about energy-level diagrams. 
For example, why are there multiple 2p orbitals and no 1p orbitals? Why does 
the 4s orbital have a lower energy than the 3đ orbital when it has a leher quan- 
tum number? And why does the 2s orbital have a slightly lower energy than 
any of the 2p orbitals when their quantum numbers are the same? Also, 1n what 
order do electrons fill the three 2p orbitals when each of these orbitals has the 
same energy level? Probing into these sorts of details under the guidance of 
your instructor wilÏ provide you with keen insight into the workings of chem- 
istry. But there is also value in getting to the main poïnt as soon as possible. For 
this reason, we now jump to a discussion of how the energy-level diagram is 
intimately connected to that all-important tool of chemistry: the periodic table. 


Rubidium, Rb 


FORYOUR 
INFORMATION 


This energy-level diagram shows the relative energy levels of atomic orbitals in a multielectron 
atom (in this case rubidium, Rb, atomic number 37). 


ln more advanced textbooks and also 


online you may see orbitals listed in 
order of quantum numbers so that 
the 3d is written before the 4s. 

This is a common convention but 
conceptually inconsistent with 
energy-level diagrams. 


125 


Subatomic Particles 


8 The Noble Gas Shell Model Simplifies the Energy-Level Diagram 


LEARNING OBJECTIVE EXPLAIN THIS 


Show how atomic orbitals of similar . 
energy can be grouped into a properties? 
series of shells that can be used 
to explain the periodlic table. 


Why do elements in the same group of the periodic table have similar 


The energy-level diapram can be organized so that orbitals of similar energy are 


ørouped together. As shown in Figure 29, no orbital has an energy level similar 
to that of the 1s orbital, so this orbital is prouped by itself. The energy level of the 
2s orbital, however, is close to that of the three 2ø orbitals, so these four orbitals 
are prouped together. Likewise, the 3s and three 3 orbitals are at a similar energy 
level as are the 4s, five 3đ, and three 4p orbitals, and so on. The result is a set of 


` 4 
Seventh-row capacity: KIRIIRIIR 
l 
32 electrons 5 sd [NIIFiIRINIRš 
7s 5f 
Sixth-row capacity: “TIRIRIIR 
NINIRNRNR 
32 electrons sẹ— DÍh Ề == I¬JJ»JJ¬JJ-JI¬J†¬JÌ¬J 
6s 4f 
Fifth-row capacity: NI RIIRRIRIIRRI 
18 electrons 5P 


4d 


5s 


Fourth-row capacity: 
18 electrons 


Third-row capacity: 
8 electrons 


Second-row capacity: 
8 electrons 


First-row capacity: 
2 electrons 


^ Figure 29 
Orbitals of comparable energy levels can be grouped together to give rise to a set of 
seven rows of orbitals. 


126 


seven distinct horizontal rows of orbitals. 

Interestingly, the seven rows in 
Figure 29 correspond to the seven peri- 
odsïn the periodic table, with the bottom 
TOW cOrresponding to the first period, 
the next row up corresponding to the 
second period, and so on. Furthermore, 
the maximum number of electrons each 
row can hold is equal to the number of 
elements in the corresponding period. 
The bottom row in Figure 29 can hold 
a maximum of two electrons, so there 
are only two elements, hydrogen and 
helium, in the first period of the periodic 
table. The second and third rows up 
from the bottom each have a capacity for 
eight electrons, and so eight elements are 
found in both the second and third peri- 
ods. Continue analyzing Figure 29 in this 
way, and you will find 18 elements in 
the fourth and fifth periods, and 32 ele- 
ments ín the sixth and seventh periods. 
(As of this writing, the discovery of only 
28 seventh-period elements has been 
confirmed.) 

The higher the energy level of an 
orbital, the farther its electrons are from 
the nucleus. Electrons in the same row 
of orbitals in Figure 29, therefore, are 
rouphly the same distance from the 
nucleus. Graphically, this can be repre- 
sented by converging all the orbitals in 
a given row into a single 3-dimensional 
hollow shell, as shown ¡in Figure 30. 
Each shell is a graphic representation 
of a collection of orbitals of comparable 
energy in a multielectron atom. To dis- 
tinguish this shell from one used in 
more advanced chemistry courses, we 
call it a noble gas shell. We say “noble 
gas” because, when filled, such a shell 
represents the electron configuration of 
a noble gas element. 
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Second row of orbitals 


Second row of orbitals Second row of orbitals 


(cross section of highly 
simplified perspective) 


(all 2s and 2p orbitals 
combined) 


(highly simplified 
perspective) 


The seven rows of orbitals in Figure 29 can thus be represented either by a 
series Of seven concentric shells or by a series of seven cross-sectional circles of 
these shells, as shown In Figure 31. The number of electrons each shell can hold 
1s equal to the number of orbitals it contains multiplied by 2 (because there can 
be two electrons per orbital). 

You add electrons to a shell diagram just as in an energy-level diagram—— 
electrons first fill the shells closest to the nucleus. Figure 32 shows how this 
works for the first three periods. As with the energy-level diagram, there is one 
shell for each period, and the number of elements in a period is equal to the 
maximum number of electrons that the shell representing that period can hold. 

Notice how electrons in the outermost shell begin to païr only after that shell 
1s half filled. Carbon, for example, has four outer-shell electrons, none of which 
are paired. This differs from how an energy-level diagram ¡s filled. For example, 
the second shell consists of the 2s and 2p orbitals, which, as shown in FEigure 4.29, 
have different energy levels. Therefore, you might expect carbon's lower energy 
2s orbital to fill with two paired electrons. In an advanced chemistry course, 
however, you would learn that orbitals of a similar energy level readily merge into 
each other through a process called orbtal hụbridizaHon. When they do so, their 
energy levels become equivalent. The shell model presented here takes hybridiza- 
tion into account, which is why pairing doesn/t occur until the shell ¡s half filled. 

This noble gas shell model is a simplification of the energy-level diagram 
but it retains a key feature, which is that atoms with a similar electron 
configuration have similar physical and chemical properties. Look carefully 


4 Figure 30 

The second row of orbitals, which consists 
of the 2s and three 2p orbitals, can be 
represented either as a single smooth, 
spherical shell or as a cross section of such 
a shell. (Note that this shell model ignores 
the slight difference in energy levels of 
closely matched orbitals.) 


FORYOUR 
INFORMATION 


What do poets and scientists have in 
commeon? They both use metaphors to 
help us understand abstract concepts 
and relationships. The shell model of 
the atom is a metaphor that helps us 
visualize an invisible reality. Scientific 
models are essentially equivalent to the 
metaphorical language used in poetry. 


¬"..-.-..--.‹< 


When do electrons in the outermost 
shell of an atom begin to pair with 
each other? 


(a) (b) (c) 


^ Figure 3Í1 

(a) A cutaway view of the seven shells, with the number of electrons each shell can hold 
indicated. (b) A 2-dimensional, cross-sectional view of the shells. (c) An easy-to-draw cross- 
sectional view that resembles Bohr's planetary modal. 
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^- Two-time Nobel laureate Linus Pauling 
(1901-1994) was an early proponent of 
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First- 
period 


elements 


Hydrogen Helium 

Second- 
period 
elements 

Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon 
Third- 
period 
elements 

Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon 

^ Figure 32 


The first three periods of the periodic table according to the noble gas shell model. Elements 
in the same period (horizontal rows) have electrons in the same shells. Elements in the same 
period differ from one another by the number of electrons in the outermost shell. Elements in 
the same group (vertical column) have the same number of electrons in the outermost shell. 
These outer-shell electrons determine the character of the atom, which is why elements in the 
same group have similar properties. 


at Figure 32. Can you see that the outer-shell electrons of atoms above and 
below one another in the periodic table—that is, within the same group——are 
similarly organized? For example, atoms of the first group——which includes 
hydrogen, lithium, and sodium—each have a single outer-shell electron. 
The atoms of the second group, including beryllium and magnesium, each 
have two outer-shell electrons. Similarly, atoms of the last group——including 
helium, neon, and argon——each have their outermost shells filled to capacity 
with electrons, two for helium and eight for both neon and argon. In general, 
the outer-shell electrons of atoms in the same group of the periodic table are 
similarly organized, which is why these atoms have similar properties. 


CON(CEPTCGHECGK 


Why are there only two elements in the first period of the periodlic table? 


CHECK YOUR ANSWER The number of elements in each period corresponds to 
the number of electrons each shell can hold. The first shell has a capacity of only two 
electrons, which is why the first period has only two elements. 


teaching beginning chemistry students a 
shell model, from which the organization 


of the periodic table could be described. 
In 1954 Pauling won the Nobel Prize in 


Remember that the shell model is not to be interpreted as an actual 


Chemistry for his research into the nature of  T©Presentation of the atom/s physical structure—=electrons, for example, are not 
the chemical bond. In 1962 he was awarded really confined to the “surface“ of a shell. Rather, this model serves as a tool to 


the Nobel Peace Prize for his campaign help us understand and predict how atoms behave. 
against the testing of nuclear bombs, which 

was introducing massive amounts of radio- 

activity into the environment. 
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9 The Periodic Table Helbs Us Predict Properties of Elements 


EXPLAIN THIS 


Why does a rubber balloon inflated with helium deflate faster than one filled 
with argon? 


Chemistry is the study of how atoms combine to form new materials. But how 
exactly does this happen? In order to answer this question, we first need to 
understand a bit about the properties of the atoms themselves. For this, we 
turn to the shell model, which, though limited, is able to explain a number of 
key atomic properties, súch as atomic size and the ability of an atom to either 
lose or gain electrons. 

Recall that properties of elements gradually change across the periodic 
table. The atoms of elements toward the upper right of the periodic table, for 
example, tend to be smaller than the atoms of elements toward the lower left. 
Knowing this, you can reasonably predict that selenium atoms (atomic nưm- 
ber 34) are smaller than calcium atoms (atomic number 20), which ¡is indeed 
the case. 

Recall that such a gradual change in moving across the periodic table 1s 
called a periodic trend. Ủnderlying most periodic trends are two important 
concepts: 71er-shell shielding and effecHue uclear charse. 

Consider the two electrons within the first shell of a helum atom. As 
shown ïn Figure 33, both of these electrons have an unobstructed “view” of the 
nucleus. Their attractions for this atomic nucleus are therefore the same. 

The situation gets more complicated for atoms beyond helium, which have 
more than one shell occupied by electrons. In these cases, inner-shell electrons 
weaken the attraction between outer-shell electrons and the nucleus. Imagine, 
for example, you are that second-shell electron in the lithium atom shown in 
Figure 34. Looking toward the nucleus, what do you sense? Not just the attrac- 
tive force of the positively charged nucleus. You also feel the effect of the two 
electrons in the first shell—which, because of their negative charge, exert a 
repulsive force. Thus, the two inner electrons have the effect of weakening your 
electrical attraction to the nucleus. This is inner-shell shielđing——inner-shell 
electrons shield electrons farther out from some of the attractive pull exerted 
by the positively charged nucleus. 

Because inner-shell electrons diminish the attraction outer-shell electrons 
have for the nucleus, the nuclear charge sensed by outer-shell electrons is 
always less than the actual charge of the nucleus. This diminished nuclear 
charge experienced by outer-shell electrons is called the effective nuclear 
charge and is abbreviated Z* (pronounced zee-star), where Z stands for 
the nuclear charge and the asterisk indicates that this charge appears to be 
less than it actually is. ÀA rough estimate of the Z* for any electron can be 
calculated by subtracting the total number of inner-shell electrons from the 
nuclear charge. For lithium (atomic number 3), the total charge of the first- 


g7 S/MIE JIRERC electron 


First shell 
Inner shell 


shielding 


Second shell.. electrons 


Lithium 


LEARNING OBJECTIVE 


Úse the shell model to explain 
periodic trends. 


Paired electrons 
First TỚN ⁄ 


Helium 


^ Figure 33 

The two electrons in a helium atom 

have equal exposure to the nucleus; 
hence, they experience the same degree 
of attraction, represented by the pink 
shading in the space between the nucleus 
and the shell boundary. 


"H......<« 


How is it possible to make a rough 
estimate of the effective nuclear charge 
experienced by an electron? 


4 Figure 34 

Lithium“s two first-shell electrons shield 

the second-shell electron from the nucleus. 
The nuclear attraction, again represented 
by pink shading, is less intense in the 
second shell. 
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} Figure 35 

(a) A chlorine atom has three occupied 
shells. The ten electrons of the inner two 
shells shield each of the seven electrons 
of the third shell from the +17 nucleus. 
The third-shell electrons therefore experi- 
ence an effective nuclear charge of about 
17 — 10 = +7. (b) In a potassium atom, 
the fourth-shell electron experiences 

an effective nuclear charge of about 

19 — 18 = +1. 


Chlorine Potassium 


+17 Actual nuclear charge +19 Actual nuclear charge 
~10 Inner-shell electrons —18 _ Inner-shell electrons 


+7 Effective nuclear charge +1 Effective nuclear charge 


(a) (b) 


shell electrons, ~2, is subtracted from the charge of the nucleus, +3, to give a 
calculated effective nuclear charge of +1. The second-shell electron of lithium, 
therefore, senses a nuclear charge of about +1, which is much less than the 
actual nuclear charge of +3. 

For most elements, subtracting the total number of inner-shell electrons 
from the nuclear charge provides a convenient estimate of the effective nuclear 
charge, as Figure 35 illustrates. 


Why Atoms toward the Upper Right Are Smaller 


From left to right across any row of the periodic table, the atomic diameters get 
smaller. Lets look at this trend from the point of view of effective nuclear charge. 
Consider lithium“s outermost electron, which experiences an effective nuclear 
charge of about +1. Then look across period 2 to neon, in which each outermost 
electron experiences an effective nuclear charge of about +8, as Figure 3ó shows. 
Because the outer-shell electrons in neon experience a greater attraction to the 
nucleus, they are pulled ¡in closer to the nucleus. So neon, althouph nearly three 
times as massive as lithium, has a considerably smaller diameter. 

In general, across any period from left to ripht, atomic diameters 
become smaller because of an increase in effective nuclear charge. Look 
back at Figure 32 and you will see this trend illustrated for the first three 
periods. In addition, Figure 37 shows relative atomic diameters obtained from 
experimental data. Note that there are some exceptions to this trend, especially 
between groups 12 and 13. These exceptions can be explained by probing 
further into the shell model than we need to for our purposes. 

Moving down a group, atomic diameters get larger because of an increas- 
¡ng number of occupied shells. Whereas lithium has a small diameter because 
1t has only two occupied shells, francium (atomic number 87) has a much larger 
diameter because it has seven occupied shells. 


Z*= +1 
) Figure 3ó 


Lithium's outermost electron experiences 
an effective nuclear charge of about +†1, 
while those of neon experience an effec- 
tive nuclear charge of about +8. As a 
result, the outer-shell electrons in neon are 
closer to the nucleus and the diameter of 
the neon atom is smaller than the diameter 
of the lithium atom. Lithium 


Neon 
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^ Figure 37 
This chart shows the relative atomic sizes, indicated by height. Note that atomic size generally 
decreases in moving to the upper right of the periodic table. 


The Smallest Atoms Have the Most Strongly Held 
Electrons 


How strongly electrons are bound to an atom ¡is another property that changes 
gradually across the periodic table. In general, the trend is that the smaller the 
atom, the more tightly bound are its electrons. 

As discussed earlier, effective nuclear charge increases in moving from left 
to ripht across any period. Thus, not only are atoms toward the right smaller, 
but their electrons are held more strongly. It takes about four times as much 
energy to remove an outer electron from a neon atom, for example, than to 
remove the outer electron from a lithium atom. 

Moving down any group, the effective nuclear charge—as calculated by 
subtracting the charge of inner-shell electrons from the charge of the nucleus— 
stays the same. The effective nuclear charge for all group 1 elements, for example, 
works out to +1. Because of their greater number of shells, however, elements 
toward the bottom of a group (vertical column) are larger. The electrons ¡in the 
outermost shell are therefore ƒ„rfher from the nucleus by an appreciable distance. 
From physics we learn that the electric force weakens rapidly with increasing 
distance. As Figure 38 ¡llustrates, an outer-shell electron in a larger atom, such as 
cesium, is not held as tightly as an outer-shell electron in a smaller atom, such 
as lithium. As a consequence, the energy needed to remove the outer electron 
from a cesium atom is about half the energy needed to remove the outer electron 
from a lithium atom. This is true even thouph they both have a calculated Z* of 
+1. So we see that our calculated Z* values provide only a rough estimate of the 
nuclear pull on electrons. The effect of distance between a shell and the nucleus 
also needs to be considered. 

The combination of the increasing effective nuclear charge from left to right 
and the increasing number of shells from top to bottom creates a periodic trend in 
which the electrons ïn atoms at the upper right of the periodic table are held most 
strongly and the electrons in atoms at the lower left are held least strongly. This 
1s reflected in Figure 39, which shows ionization energy, the amount of energy 
needed to pull an electron away from an atom. The greater the Ionization energy, 
the greater the attraction between the nucleus and its outermost electrons. 


CHEMICAL 
CONNECTIONS 


How is the weather connected 


to an atom? 
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)› Figure 38 
In both lithium and cesium, Z*= +] 
the outermost electron 

has a calculated effective 

nuclear charge of +1. The Z*= +] 
outermost electron in a 
cesium atom, however, 

is not held as strongly to 
the nucleus because of its 
greater distance from the 
nucleus. 


Greater distance, 
weaker force 


Smaller distance, 
stronger force 


Lithium 


Cesium 


CO MCEPTCHECK 


Which loses one of its outermost electrons more easily: a francium, Fr, 
atom (atomic number 87) or a helium, He, atom (atomic number 2)? 


CHECK YOUR ANSWER A francium, Fr, atom loses electrons mụch more easily 
than does a helium, He, atom. Why? Because a francium atom's outer electrons are not 
held as tightly by ïts nucleus, which ¡is buried deep beneath many layers of shielding 
electrons. 


How strongly an atomic nucleus ¡is able to hold on to the outermost elec- 
trons in an atom plays an important role in determining the atom“s chemi- 
cal behavior. What do you suppose happens when an atom that holds its 
outermost electrons only weakly comes into contact with an atom that has 
a very strong pull on its outermost electrons? The atom that pulls strongly 
may remove one or more electrons from the other atom. The result is that the 
two atoms become chemically bonded. So the shell model not only gives us 
Insight into the workings of the periodic table, it also helps us to understand 
the heart of chemistry, which ¡is the study of how new materials are created 
by the bonding of atoms. 


) Figure 39 
This chart shows the trends in ioniza- 
tion energy. The attraction an atomic 
nucleus has for its outermost electrons 
is indicated by height. Note that atoms 
at the upper right tend to have the 
greatest ionization energy and those at 
the lower left have the least. 


132 


Subatomic Particles 


Chapter R©eVICW 


LEARNING OBJECTIVES 


Distinguish between models that describe physical attributes 


and those that describe the behavior of a system. (1) 


ldentify experiments leading to the discovery of the 
electron. (2) 


Defend Rutherfords conclusion that each atom contains a 


densely packed positively charged center. (3) 


Describe the structure of the atomic nucleus and how the 


atomic mass of an element is calculated. (4) 


Describe the nature and range of electromagnetic 
waves. (5) 


Recount how the quantum nature of eneroy led to 
Bohrs planetary model of the atom. (6) 


Summarize how electrons, when confinedl to an atom, 
behave as self-reinforcing wavelike entities represented 
by atomic orbitals. (7) 


— Ouestions T1, 2, 44-47, 94, 95 


— Ouestions 3—5, 31, 46-50 


= Ouestions ó-8, 51-55 


— Ouestions 9-11, 33-38, 5é-ó2 


=> Ouestions 12, 13, 30, ó3-ó5 


— Ouestions 14-17, óó-ó9 


= Ouestions 18-23, 32, 39, 70-80 


Show how atomic orbitals of similar energy can be grouped 
into a series of shells that can be usedl to explain the periodic 


table. (8) 


Úse the shell model to explain periodic trends. (9) 


SUMMARY OF TERMS 


Atomic mass The total mass of an atom. The atomic mass 
of each element presented in the periodic table is the 
tueiehted auerase atomic mass of the various isotopes of 
that element occurring in nature. 


Atomic nucleus The dense, positively charged center of 
every atom. 


Atomic number The number of protons in the atomic nucleus 
of each atom of a given element. 


Atomic orbital A volume of space where an electron is likely 
to be found 90 percent of the time. 


Atomic spectrum The pattern of frequencies of electromag- 
netic radiation emitted by the energized atoms of an 
element, considered to be an element“s “fingerprint.” 


Conceptual model A representation of a system that helps us 
predict how the system behaves. 


Effective nuclear charge The nuclear charge experienced by 
outer-shell electrons, diminished by the shielding effect 
of inner-shell electrons and also by the distance from 
the nucleus. 


(KNOWLEDGE) 


— Ouestions 24-2é, 61-84 
— Ouestions 27-29, 40-43, 85—~93 


Electromagnetic spectrum The complete range of waves, from 
radio waves to gamma rays. 


Electron An extremely small, negatively charged subatomic 
particle found outside the atomic nucleus. 


Electron configuration The arrangement of an atom”s 
electrons within orbitals. 


Energy-level diagram A schematic drawing used to arrange 
atomic orbitals in order of increasing energy levels. 


Inner-shell shielding The tendency of inner-shell electrons to 
partially shield outer-shell electrons from the attractive 
pull exerted by the positively charged nucleus. 

lonization energy The amount of energy needed to pull an 
electron away from an atom. 

Isotope Any member of a set of atoms of the same element 
whose nuclei contain the same number of protons but 
different numbers of neutrons. 

Mass number The number of nucleons (protons plus 
neutrons) in the atomic nucleus. Used primarily to 
identify isotopes. 
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Neutron An electrically neutral subatomic particle found in 
the atomic nucleus. 


Noble gas shell A graphic representation of a collection of 
orbitals of comparable energy in a multielectron atom. 
A noble gas shell can also be viewed as a region of 
space about the atomic nucleus within which electrons 
may reside. 


Nucleon Any subatomic particle found in an atomic nucleus. 
Another name for either proton or neutron. 


Physical model A representation o£ an object on some 
convenient scale. 


Probability cloud A plot of the positions of an electron of a 
given energy over time as a series of tiny dots. 

Proton A positively charged subatomic particle found in the 
atomic nucleus. 

Quantum À small, discrete packet of energy. 

Quantum number An integer that specifies the quantized 
energy level within an atom. 

Spectroscope A device that uses a prism or diffraction grating 


to separate light into its color components and measure 
their frequencies. 


READING CHECK OUESTIONS (COMPREHENSION) 


1 Physical and Conceptual Models 


7 Electrons Exhibit Wave Properties 


1. If a baseball were the size of the Earth, about how large 
would its atoms be? 


2. What is the difference between a physical model and a 
conceptual model? 


2 The Electron Was the First Subatomic 
Particle Discovered 


3. Why ¡is a cathode ray deflected by a nearby electric 
charge or magnet? 


4. What did Thomson điscover about the electron? 
5. What did Millikan discover about the electron? 


3 The Mass of an Atom ls Concentrated in lts Nucleus 


ó. What did Rutherford discover about the atom? 


7. To Rutherford“s surprise, what was the fate of a tỉny 
fraction of alpha particles in the gold-foil experiment? 


8. What kind of force prevents atoms from squishing into 
one another? 


4 The Atomic Nucleus ls Made of Protons 
and Neutrons 


9. What role does atomic number play in the periodic table? 
10. Distinguish between atomic number and mass number. 


11. Distinguish between mass number and atomic mass. 


5 Light ls a Form of Energy 


12. Does visible light constitute a large or small portion of 
the electromagnetic spectrum? 


13. What does a spectroscope do to the light coming from 
an atom? 


6 Atomic Spectra and the Quantum Hypothesis 


18. Who first proposed that electrons exhibit the properties 
of a wave? 


19. About how fast does an electron travel around 
the atomic nucleus? 


20. How does the speed of an electron change its 
fundamental nature? 


21. How many electrons can reside in a single atomic orbital? 


22. What two elements are represented by these two 
energy-level diagrams? 


2p 


2s ẤP 


23. What element has the electron confipuration 1s?2s72p? 


8 The Noble Gas Shell Model Simplifies the 
Energy-Level Diagram 


24. What atomic orbitals comprise the third noble gas shell? 


25. Which electrons are most responsible for the properties of 
an atom? 


2ó. What is the relationship between the maximum number 
of electrons each noble gas shell can hold and the number 
of elements in each period of the periodic table? 


9 The Periodic Table Helps Ús Predict 
Properties of Elements 


14. What causes an atom to emit light? 


15. Why do we say atomic spectra are like fingerprints of 
the elements? 


1ó. What was Planck/s quantum hypothesis? 


17. Did Bohr think of his planetary model as an accurate 
representation of what an atom looks like? 
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27. What is effective nuclear charge? 


28. How would you know from looking at the periodic table 
that oxygen, O (atomic number 8), molecules are smaller 
than nitrogen, N (atomic number 7), molecules? 

29. What happens to the strength of the electric force with 
increasing distance? 
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CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


30. Fluorescent lights contain spectal lines from the light 
emission of mercury atoms. Special coatings on the inner 
surface of the bulb help to accentuate visible frequencies, 
which can be seen through the diffraction grating reflec- 
tion of a compact disc. Cut a narrow slit through some 
thick paper (or thin cardboard) and place over a bright 
fluorescent bulb. View this slit at an oblique angle against 
a CD and look for spectral lines. Place the sÏit over an 
incandescent buÏlb and you ]Ï see a smooth continuous 
spectrum (no lines) because the incandescent filament 
glows at all visible frequencies. Try looking at different 
brands o£ fluorescent bulbs. You ]I also be able to see 
spectral lines in street lights and fireworks. For those t 1s 
best to use “rainbow“ glasses available from a nature, toy, 
or hobby store. 


32. 


\bwv400IC H HN  CỘ|-7 


THE CITY 0F CũNC0RD 
OM THE == 


Wwww. G1. COficor-rd. nh . 0% 
CHECK US 0UT! 


Stare at a non-LCTD television set or computer monitor, 
and you stare down the barrel of a cathode ray tube. You 
can find evidence for this by holding a magnet up to the 
screen. Note the distortion, which results as the magnet 
pushes the electrons off their intented paths. lporfanf: 1!se 


SH 


THINK AND SOLVE 


33. A class of 20 students takes an exam and every student 
scores 80 percent. What is the class average? Would the 
class average be slightly less, the same, or sliphtly more 
1f one of the students instead scored 100 percent? How 
1s this similar to how we đerived the atomic masses of 
elements? 


34. The isotope lithium-7Z has a mass of 7.0160 atomic mass 
units, and the isotope lithium-6 has a mass of 6.0151 


atomic mass units. Given the information that 92.58 


35. 


on a small maenet and hold it up to the screen onlụ briefÏU; 
othertuise the distortion 1a becomme perImanent. 


Stretch a rubber band between your two thumbs and 
pluck one length of it. Note that no matter where along 
the length you pluck, the area of greatest oscillation is 
always at the midpoint. This is a self-reinforcing wave 
that occurs as overlapping waves bounce back and forth 
from thumb to thumb. 


(MATHEMATICAL APPLICATION) 


percent of all lithium atoms found in nature are lithium-Z 
and 7.42 percent are lithium-ó6, show that the atomic mass 
of lithium, Lï (atomic number 3) is 6.941 amu. 

The element bromine, Br (atomic number 35), has 

two major Isotopes of similar abundance, both around 

50 percent. The atomic mass of bromine is reported in the 
periodic table as 79.904 atomic mass units. Choose the most 
likely set of mass numbers for these two bromine isotopes: 


a. ?0Br, ®!Br b. ”Br, °°Br c. ”Br,!Br 
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THINK AND COMPARE (ANALYSIS) 


3ó. Rank the three subatomic particles in order of 
1ncreasing mass: 


a. The neutron 
b. The proton 
c. The electron 


37. Consider these atoms: helium, He; chlorine, Cl; and argon, 
Ar. Rank them in terms of their atomic number, from 
smallest to largest. 


38. Consider three 1-gram samples of matter: A, carbon-12; B, 
carbon-13; C, uranium-238. Rank them in terms of having 
the greatest number of atoms, from least to most. 

39. Rank these energy-level điagrams for a fluorine atom in 
order of increasing energy, from lowest to highest. 


3 SP 3 SP 3 sp 


2s 2P 2s 2p 2s 2 


THINK AND EXPLAIN (5sYNTHESIS) 


1 Physical and Conceptual Models 


44. Tí you have access to “Particles of Matter,” use the infor- 
mation in Figure 8bto figure out ¡f gallium atoms are 
really red and arsenic atoms are really green? 


45. Would you use a physical model or a conceptual model 
to describe the following: a gold coïin, a dollar bill, a car 
engine, air polÏution, a virus, and the spread of a sexually 
transmitted disease? 

4ó. What is the function of an atomic model? 

47. Why is it not possible for a scanning probe microscope to 
make images of the inside of an atom? 


2 The Electron Was the First Subatomic 
Particle Discovered 


48. lí the particles of a cathode ray had a greater mass, would 
the ray be bent more or less in a magnetic field? 

49. If the particles of a cathode ray had a greater electric charge, 
would the ray be bent more or less in a magnetic field? 

50.Thousands of magnetic marbles are thrown into a large 
vertically oriented wind tunnel. As they are thrown, the 
marbles clump together in groups of varying numbers. 
The wind tunnel operator is able to control the upward 
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40. Consider these atoms: helium, He; aluminum, A]; and 
argon, Ar. Rank them, from smallest to largest: (a) in order 
of size and (b) in order of the number of protons. 


41. Consider these atoms: potassium, K; sodium, Na; and 
lithium, Lï. Rank them in order of the ease with which 
they lose a single electron, from easiest to most difficult. 


42. Rank these atoms in order of the number of electrons 
they tend to lose, from fewest to most: sodium, Na; 
magnesium, Mg; and aluminum, AI. 


43. Rank these atoms in order of ionization energy from 
lowest to highest: technetium, Tc, number 43; indium, 
In, number 49; aluminum, Al, number 13. 


force of the wind so as to make different clumps of 
marbles hover. Notably, heavier clumps require øreater 
upward forces. She records the various forces of wind 
required to maintain hovering clumps in units of 
ounces: 45, 30, 60, 75, 105, 35, 80, 55, 90, 20, 65. From 
this data, what might be the weight of a single mag- 
netic marble? The single marble is analogous to what 
within Millikan“s experiment? What is the force of the 
wind analogous to? 


3 The Mass of an Atom ls Concentrated in 
lts Nucleus 


S1. You roll 100 marbles——one by one and in random 
directions—through an empty cereal box lying on the 
floor. They all pass through except for three, which 
bounce back. Is there a large or small obstruction stuck 
within the cereal box? 


52. Why did Rutherford assume that the atomic nucleus was 
positively charged? 

53. Which of the following diagrams best represents the size 
of the atomic nucleus relative to the size of the atom? 
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54. How does Rutherford“s model of the atom explain why 
some of the alpha particles directed at the gold foil were 
deflected straight back toward the source? 

55. Is the head of a politician really made of 99.999999 percent 
empty space? 


4 The Atomic Nucleus ls Made of Protons and 
Neutrons 


5ó. Which contributes more to an atom”s mass: electrons or 
protons? Which contributes more to an atom“s size? 


57. If two protons and two neutrons are removed from 
the nucleus of an oxygen-16 atom, a nucleus of which 
element remains? 


58. Evidence for the existence of neutrons did not come until 
many years after the discoveries of the electron and the 
proton. Give a possible explanation. 


59. What is the approximate mass of an oxygen atom in 
atomic mass units? What is the approximate mass of two 
oxygen atoms? How about an oxygen molecule, O;? 


60. What is the approximate mass of a hydrogen atom in 
atomic mass units? How about a water molecule? 


ó1. Which ¡is heavier, a water molecule, H,O or a carbon 
đioxide molecule, CO,? 


62. Is the percentage of heavy water in rain greater than, 
equal to, or less than the percentage of heavy water in 
the oceans? Please explain. 


5 Light ls a Form of Energy 


63. What color is white light? 


64. What color do you see when you close your eyes while in 
a dark room? Explain. 


65. Do radio waves travel at the speed of light, at the speed of 
sound, or at some speed in between? 


6 Atomic Spectra and the Quantum Hypothesis 


6ó. What particle within an atom vibrates to generate 
electromagnetic radiation? This particle is vibrating back 
and forth between what? 

67. How might you distinguish a sodium-vapor street light 
from a mercury-vapor street lipht? 

68. How can a hydrogen atom, which has only one electron, 
create so many spectral lines? 


69. Which color of light comes from a greater energy 
transition within an atom: red or blue? 


7 Electrons Exhibit Wave Properties 


70. How does the wave model of electrons orbiting the 
nucleus account for the fact that the electrons can have 
only discrete energy values? 


71. Some older cars vibrate loudly when driving at 
particular speeds. For example, at 65 mph the car may be 
most quiet, but at 60 mph the car rattles uncomfortably. 
How is this analogous to the quantized energy levels of 
an electron in an atom? 


72. Energy reveals itself in the form of a wave. Wherever you 
see a wave, there is some form of energy present. How 
does mass reveal itself? 


3. 


74. 


75. 


26. 


7/7/5 


78. 


TẢ 
80. 


Which of the following energy-level diagrams for carbon 
represents a greater amount of energy? 


2p 2 2p 


Carbon, C 


Carbon, C 


Beyond the s, ø, đ, and ƒ orbitals are the @ orbitals whose 
shapes are even more complex. Why are the ø@ orbitals not 
commonly discussed by chemists? 


Which has greater potential energy: an electron in a 
3s orbital or an electron in a 2p orbital? How about an 
electron in the 4s orbital compared to the 3đ orbital? 


Fill in these three energy-level diagrams. Why do these 
three elements have such similar chemical properties? 
Note: electrons entering an orbital type, such as the three 
2p orbitals, wont start pairing until each orbital has at 
least one electron. 


= 2h mi NI XI NI XI 
_ 3d 


3d 


Oxygen,O 


Sulfur, S 


4 3d 


Selenium, Se 


Which requires more energy: boosting one of lithium“s 2s 
electrons to the 3s orbital, or boosting one of beryllium“s 
2s electrons to the 3s orbital? 


Which element is represented in Figure 29 if all shown 
orbitals were filled with electrons? 


What do the 4s, 4ø, and 3đ orbitals have in common? 


Write out the electron configurations for the following 
atoms: phosphorus, P (atomic number 15); arsenic, As 
(atomic number 33); and antimony, Sb (atomic num- 
ber 51). What do these configurations have in common? 
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8 The Noble Gas Shell Model Simplifies the 
Energy-Level Diagram 


81. Does a noble gas shell have to contain electrons in 
order to exist? 


82. Place the proper number of electrons in each shell: 


Sodium, Na Rubidium, Rb 
Krypton, Kr Chlorine, Cl 


83. Use the noble gas shell model to explain why a 
potassium atom, K, is larger than a sodium atom, Na. 


84. se the noble gas shell model to explain why a 
potassium atom, K, and a sodium atom, Na, have 
such similar chemical properties. 


9 The Periodic Table Helps Us Predict 
Properties of Elements 


85. What is the approximate effective nuclear charge for 
an electron in the outermost shell of a fluorine atom, F 


(atomic number 9)? How about one in the outermost shell 


of a sulfur atom, 5S (atomic number 16)? 


8ó. Why is it more difficult for fluorine to lose an electron 
than for sulfur to do so? 


THINK AND DISCUSS (EVALUATION) 


94. lf matter ¡is made of atoms and atoms are made of sub- 


atomic particles, what comes together to create subatomic 


particles? Where might you find such information? 


95. Astronomical measurements reveal that most matter 


within the universe 1s invisible to us. This invisible matter, 


also known as dark matter, is likely to be “exotic” 
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87. 


88. 


89. 


90. 


91. 


v25 


93. 


Which of the following concepts underlies all the others: 
ionization energy, effective nuclear charge, or atomic size? 


The electron configuration for sodium ¡is 122s22p53sÌ. In 
which of these orbitals do the electrons experience the 
greatest effective nuclear charge? How about the weakest 
effective nuclear charge? 


Neon, Ne (atomic number 10), has a relatively large 
effective nuclear charge, and yet it cannot attract any 
additional electrons. Why not? 


se the noble gas shell model to explain why a lithium 
atom, Li, is larger than a beryllium atom, Be. 


lt is relatively easy to pull one electron away from a 
potassium atom but very difficult to remove a second 
one. se the shell model and the idea of effective nuclear 
charge to explain why. 


'Why might one of cesium“s electrons not be very attracted 
to cesium“s nucleus, which has a charge of +56? 


How ¡s the following graphic similar to the energy-level 
điagram of Figure 29? se it to explain why a gallium 
atom, Ga (atomic number 31), is larger than a zinc atom, 
Zn (atomic number 30). 


matter—very different from the elements that make up 
the periodic table. We know the dark matter is there 
because of its pravitational effects, but scientists can only 
guess as to its nature. What do you think dark matter 
might be made of? How soon might we know the answer? 
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READINESS ASSURANCE TEST (RAT) 


]ƒ you haue a sood handle on this chapter, then you should be able to 4. 


score at least 7 øu† 0ƒ 10 on this RAT. Check your anstuers online at 
t0ui0.ConceptualChermistry.com. ]ƒ you score less than 7, you need to 
studU further before 1n0uins 0n. 


Choose the BEST answer to the following. 
†1. Would you use a physical model or a conceptual model 


to describe the following: the brain; the mind; the solar 
system; the beginning of the universe? 


a. Conceptual; physical; conceptual; physical 5 


b. Conceptual; conceptual; conceptual; conceptual 
c. Physical; conceptual; physical; conceptual 
d. Physical; physical; physical; physical 
2. The ray of light in a neon sign bends when a magnet is held 
up to it because 
a. neon, like iron, is attracted to magnets. 


b. the lipht arises from the flow of electrons within 
the tube. 


c. impurities within the neon plasma are attracted to 
the magnet. 


d. of its attraction to Earths magnetic field. 


3. Since atoms are mostly empty space, why donít objects 
pass through one another? 


a. The nucleus of one atom repulses the nucleus of 
another atom when it gets close. 


b. The electrons on the atoms repulse other electrons on 
other atoms when they get close. 


c. The electrons of one atom attract the nucleus of a 


neighboring atom to form a barrier. 8. 


d. Atoms actually do pass through one another, but only 
in the gaseous phase. 


You could swallow a capsule of germanium, Ge (atomic 
number 32), without significant ïll effects. lf a proton were 
added to each germanium nucleus, however, you would not 
want to swallow the capsule because the germanium would 


a. become arsenic. 
b. become radioactive. 
c. expand and likely lodge in your throat. 


d. have a change in flavor. 


._An element found in another galaxy exists as twO 1sotopes. 


lf 80.0 percent of the atoms have an atomic mass of 80.00 
atomic mass units and the other 20.0 percent have an a£0nc 
mass of 82.00 atomic mass units, what is the approximate 
atomic mass of the element? (in amu) 


a. 80.4 b. 81.0 Gối te) d. 64.0 e. 16.4 


. How might the spectrum of an atom appear if its electrons 


were NOT restricted to particular energy levels? 


a. Nearly the same as it does with the energy level 
restrictions. 


b. There would be no frequencies within the visible 
portion of the electromagnetic spectrum. 


c. A broad spectrum of all colors would be observed. 


d. The frequency of the spectral lines would change 
with temperature. 


.- What property permits two electrons to reside in the 


same orbital? 
a. charge b. spin C. mass 
d. volume e. time 


How many electrons are there ¡in the third noble gas shell 
of a sodium atom, Na (atomic number 11)? 


a. None b. One c. TWo d. Three 


. An electron in the outermost shell of which group 1 


element experiences the greatest effective nuclear charge? 
a. Sodium,Na b. Potassium, K 
c. Rubidium, Rb d. All of the above 


10. List the following atoms in order of increasing atomic 


size: thallium, TÌ; germanium, Ge; tin, Sn; phosphorus, P. 
a. Ge<P<5%n< TÌ b. TÌ<S5n<P<Ge 
c. TÌ<S%n<Ge<P d. P<Ge<S§n < TI 


ANSWERS TO CALCULATION CORNERS (CALCULATING ATOMIC MASS) 


Contributing Contributing 


Mass of 55C Mass of 3C 
Fraction of 
Abundance 0.7553 0.2447 
NiES l#Enrlji— % 34.97 ` 36.95 
26.41 9.04 


atomic mass = 26.41 + 0.94 = 35.48 
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Forensic Chemistry 


he methods and tools of sci- 

| ence can be used to decide 
questions arising from crime, 

such as “How did a murder victim 
die?” or “Who was the murderer?” 
The application of science to solving 
crimes ¡is called forensic science, 
which can be subdivided into the 
various areas of science. Forensic 
medicine, for example, employs the 
methods and tools of medlicine, 
such as autopsies, to determine a 
cause of death. Similarly, forensic 
chemistry employs the methods and 
tools of chemistry, such as the analy- 
sis of materials, to identify criminal 
suspects or, perhaps, criminal intent. 
The pioneer who laid the corner- 
stone of modern forensic science 
was the early 20th-century criminolo- 
gist Dr. Edmond  Locard (1877-1964). 
Known as the Sherlock Holmes of 
France, Dr. Locard established the 
first police laboratory in Lyon, France, 
in 1910. His most widely recognized 
contribution has come to be known 
as the Locard Principle, which can be 
summarized as follows: “With con- 
tact between two items, there will 
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-_Dr. Edmond Locard 


be an exchange.” According to this 
principle, a burglar cannot enter a 
house without leaving some trace of 
his presence, such as fingerprints or, 
perhaps, bits of hair. Knowing this, 
the burglar wears gloves and a cap. 
But the exchange of materials goes 
far beyond fingerprints and bits of 
hair. Consider the tiny grains of soil 
from the burglars shoes or micro- 
fibers that shed from the burglar's 
clothing, ¡including the gloves and 
capl Furthermore, the burglar also 
carries bits of the crime scene, such 
as fibers from a carpet or furniture, 
with him as he leaves. ln the words 
of Dr. Locard, “Wherever he steps, 
whatever he touches, whatever he 
leaves, even unconsciously, wilÌ serve 
as a silent witness against him.” 

The trained forensic chemist col- 
lects these bits of matter from the 
scene of the crime or from the sus- 
pect. The matter ¡is then ¡identified 
by assessing its properties, such as 
chemical composition or melting 
point. Once identified, this physical 
evidence may be used to support or 
refute the guilt of the suspect. 

Samples of hair, skin, or semen 
left at the scene of the crime can be 
examined for DNA content. DNA ¡is 
the biomolecule that holds a per- 
sons genetic information, which 
is unique for each individual. The 
amount of DNA recovered from a 
crime scene ¡is often quite smaill. 


The tools of genetic engineering, 
however, allow the forensic chemist 
to use a minuscule amount of col- 
lected DNA as a template for the 
production of much larger amounts 
of identical DNA. This larger quan- 
tiy of DNA can then be analyzed 
for patterns that may be identified 
as belonging (or not belonging) to 
the criminal suspect. 

Modern analytical tools allow 
chemists to detect and identify 
chemicals at ultralow concentra- 
tions. One of the most widely used 
and sensitive analytical instruments 
is the mass spectrometer. Within 
the mass spectrometer, a sample 
molecule ¡is subjected to harsh 
eneroy, which breaks the molecule 
into fragments. These fragments 
are then given an electric charge 
and accelerated via magnets down 
the length of a tube. The frag- 
ments separate from each other 
because more massive fragments 
travel slower while the lighter ones 


^- DNA can be fragmented and the frag- 
ments then separated to yield a pattern 
characteristic of an individual. 


travel faster. The fragments, sorted 
by mass, produce a pattern that is 
characteristic of the original mol- 
ecule. An unknown molecule can 
thus be identified by comparing its 
fragmentation pattern to a catalog 
of known fragmentation patterns. 
The wonder of the mass spectrome- 
ter is its great sensitivity—if you can 
see the sample injected into a mass 
spectrometer, it is way too muchl 

The mass spectrometer is often 
used in tandem with other analytical 
tools, such as the gas chromato- 
graph, which volatilizes mixtures 
and separates them into their indli- 
vidual components. Each compo- 
nent is then analyzed with the mass 
spectrometer. These are the tools of 
choice for testing bodlly fluids for 
ingested compounds, such as illicit 
drugs or sports-enhancing steroids. 
lnstruments at the International 
Olympics, for example, are stan- 
dardized to detect hundreds of dif- 
ferent agents that are prohibited for 
use by Olympic athletes. 

A type of mass spectrometer is 
also employed at airports to check 
for compounds that may be used 
as explosives. The technician rubs a 
swab inside a piece of luggage and 
then places the swab within the highly 
sensitive sbectrometer, which tests for 
a wide assortment of potentially dan- 
gerous compounds. For luggage, the 
spectrometer is used in conjunction 
with an X-ray machine that identifies 
the density of the contents. Many 
explosives have a density comparable 
to water, which is a reason why pas- 
sengers are discouraged from pack- 
ing water or liquid toiletries into their 
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luggage. These X-ray machines are 
also able to assess the average atomic 
number of the atoms within the 
luggage. This ¡is helpful because 
the chemicals of explosives tend 
to be made from nitrogen (atomic 
number 7). A region of the luggage 
containing an average atomic number 
of aroundl 7 likely contains explosive 
materials. 

Modern technology used by 
forensic scientists is not foolproof 
or without ïts limitations. Collected 
material evidence needs to be taken 
in context and weighed against other 
†actors, such as witness accounts 
and the possibility that physical evi- 
dence has been tampered with— 
intentionally or unintentionally—prior 
to being collected. That said, mod- 
ern technology ¡is a very powerful 
tool for the forensic scientists whose 
primary goal ¡is the accurate recon- 
struction of criminal events as they 
occurred in the past with the hope 
that these events can be deterred 
from occurring again in the future. 


CONCEPTCHECK 


Would ít be a good idea for a burglar 
to own a type of dog that sheds? 


CHECK YOUR ANSWER For the 
burglar this would be a bad ¡dea, 
because fur from the dog could 
easily end up at the scene of the 
crime, in accordance with Locard's 
principle. For the greater society, 
however, if this dog fur led to 
the just conviction of the burglar's 
crime, then the burglars owning 
the dog would be a good thing. 


Á Mass spectrometer at a security 
checkpoint 


Think and Discuss 


1. A dog trained to sniff out fuel 
is brought to the remains of a 
building suspected to have been 
burned down by an arsonist. The 
dog barks excitedly in evidence 
of residual fuel at one and only 
one location. Does this suggest 
arson? What if the dog found 
residual fuel in two_ locations? 
Why are cases of arson frequently 
difficult to solve? 


2. A woman is dropped off at her 
apartment by her boyfriend after 
a night of intimate romance. 
Entering her bedroom, she sur- 
prises a burglar, who then attacks 
and strangles her to death before 
fleeing. DNA evidence found on 
the woman implicates her boy- 
friend as being guilty of both 
rape and murder. How can the 
boyfriend prove beyond a rea- 
sonable doubt that he ¡is inno- 
cent? How might the outcome of 
this case have been different ¡f it 
had occurred 100 years ago? 


3. According to the lnnocence 
Project, a group that uses DNA 
testing to right wrongful convic- 
tions, police lineups and similar 
forms of eyewitness identifica- 
tin are the leading cause of 
wrongful convictions across all 
DNA exonerated cases. Why 
might this be so? What might 
be done to improve the reliabil- 
ity of police lineups? 


4. A deductve argument asserts 
that a conclusion necessarily fol- 
lows from the truth of a premise. 
For example, all cats are mortal. 
Fluffy ¡s a cat. Therefore, Fluffy ¡s 
mortal. An inductive argument 
asserts that a conclusion follows, 
not necessarily but probably, 
from the truth of the premise. For 
example, all the cats you have 
ever seen are black. Therefore, 
all cats are black. Which of these 
forms of argumernt is used more 
often in a court of law? Which ¡s 
used more often in science? 
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Solutions to Odd-Numbered Chapters Ouestions 


1. The atoms in the baseball would be the size of Ping-Pong balls 
1f the baseball were the size of the Earth. 


3. The ray itself is negatively charged because it is a stream of 


electrons. 


5. Millikan điscovered the fundamental increment of all electric 
charge to be 1.60 * 10-19 coulombs. 


7. Rutherford found that a few of the alpha particles were 
scattered backwards. 

9. Elements are listed in the periodic table in order of increasing 
atomic number. 

11. Mass number ¡is the count of the number of nucleons ín an 


isotope. Atomic mass is a measure of the total mass of an atom. 


13. A spectroscope separates the light into color components 
whose frequencies can then be measured. 


15. The atoms of each element emit only select frequencies of 
lipht. The pattern of these frequencies is unique to that elemert. 


17. No. Bohr“s model merely illustrated the different energy lev- 
els of an electron in an atom. 
19. An electron moves around the nucleus at around 2 million 


meters per second. 


20. Because the electron is moving very fast, its wave nature 
becomes most pronounced. 


21. Two 

23. Nitrogen 

25. The electrons in the outermost shell of an atom are most 
responsible for the properties of an atom. 


27. Inner-shell electrons diminish the attraction that outer-shell 
electrons have for the nucleus. The strength of the nuclear charge 
is also diminished for outer-shell electrons because they are far- 
ther away from the nucleus. This diminished nuclear charge 
experienced by outer-shell electrons is called the effective nuclear 
charge. 


29. The electric force weakens with increasing distance. 
31. No questions were asked. 


33. The class average where everyone scores an 80 percent is 
80 percent. One person scoring higher would slightly raise this 
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average to 81 percent. Similarly, the atomic mass of an element 
1s the average mass of all the various isotopes of that element. 
The heavier isotopes have the effect of slightly raising the aver- 
age. Carbon, for example, has an atomic mass of 12.011, which is 
sliphtly greater than 12.000 because of the few but heavier car- 
bon-13 isotopes found in naturally occurring carbon. 


35. A 50:50 mix of Br-80 and Br-81 would result in an atomic mass 
of about 80.5; a 50:50 mix of Br-79 and Br-80 would result in an 
atomic mass of about 79.5. Neither of these is as close to the value 
reported in the periodic table as is a 50:50 mix of Br-79 and Br-61, 
'which would result in an atomic mass of about 80.0. The answer is 
é: 


37. helium 6 chlorine 6 argon 

39.A6Có6B 

41. potassium 6 sodium ó6 lithium 

43. technetium, Tc 6 indium, In 6 aluminum, AI 


45. Many objects or systems may be described just as well by a 
physical model as by a conceptual model. In general, the physi- 
cal model is used to replicate an object or a system of objects on 
a different scale. The conceptual model, by contrast, is used to 
represent abstract ideas or to demonstrate the behavior of a sys- 
tem. Of the examples given, the following might be adequately 
described using a physical model: a gold coin, a car engine, and a 
virus. The following might be adequately described using a con- 
ceptual model: a dollar bill (which represents wealth but is really 
only a piece of paper), air pollution, and the spread of a sexually 
transmitted disease. 


47. The scanning probe microscope (SPM) only shows us the 
relative sizes and positions of atoms. It does this by detecting the 
electric forces that occur between the tip of the SPM needle and 
the outer electrons of the atom. The atom itself is made of mostly 
empty space. So the best “image” of the inside of an atom would 
be a picture of nothing. Thus, it doesnt make sense to talk about 
taking an “image” of the inside of an atom. Instead, we develop 
models that provide a visual handle as to how the components of 
atoms behave. 


49. Tí the particles had a greater charge, they would be bent more 
because the deflecting force is directly proportional to the charge. 
(If the particles were more massive, they would be bent less by the 
magretic force—obeying the law of inertia.) 
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51. The fact that only 3 of the 100 marbles bounced back sug- 
gests a small obstruction in the cereal box. Perhaps the cereal box 
1s fixed to the floor with a narrow nail sticking up from the floor. 
Thịs is similar to the line of thinking Rutherford used to conclude 
that each atom consists of an extremely small, densely packed, 
positively charged center, which he named the atomic nucleus. 


53. The one on the far right where the nucleus is not visible. 


55. Yes, as is everyone elses and everything around you. We 
interact with our environment (for example, bumping our head 
against a cabinet) because of the repulsive electric fields that pre- 
vent atoms from overlapping one another. 


57. The remaining nucleus is that of carbon-12.58. The neutron 
was elusive because of its lack of electric charge. Having no 
charge, it emits no lipht, nor is it affected by magretic fields. 


59. From the periodic table, we see that an oxygen atom has a 
mass of about 16 amu. Two oxygen atoms have a mass of about 32 
amu, as does a single oxygen molecule, Ò2. 


61. A water molecule, H2O, has a mass of about 18 amu, and a 
carbon dioxide molecule, CO2, has a mass of about 44 amu. So a 
carbon dioxide molecule is more than twice as heavy as a water 
molecule. 


63. White light is not really a color. Rather, it is what we perceive 
when all the frequencies of visible light come to the eye at the 
same time. 


65. Radio waves are a form of electromangetic radiation, which 
travels at the speed of light (300,000 km/s). 


67. Observe the atomic spectra of each using a spectroscope. 


69. Blue light comes from a greater energy transition within 
an atom. 


71. The dimensions of the car and the nature of the materials of 
the car dictate that certain frequencies will reinforce themselves 
upon vibration. When the vibration of the tires matches the 
car“s “natural frequency,” the result is a resonance, which is self- 
reinforcing waves. The wave nature of the car, however, is sim- 
ply due to the back-and-forth vibrations of the materials of the 
car. The wave nature of the electron, on the other hand, is entirely 
diferent. For the electron moving at very hiph speeds, some of 
ifs mass is converted to energy, which is manifested in its wave 
nature. Given the dimensions of the atom, certain frequencies of 
the electron will also be “natural” (that is, self-reinforcing). The 
vibrating car, therefore, is analogous to one of the energy levels 
of the electron, which is the point at which the electron forms a 
self-reinforcing standing wave. 


73. The diagram on the ripht shows a greater amount of energy. 
Note that in goïng from left to right, an electron from the 2s orbital 
has jumped into the third 2p orbital. This process would require 
the input of energy. 


75. An electron in a 3s orbital has more potential energy than 
an electron in a 2p orbital. An electron in a 3s orbital has more 
potential energy than an electron in a 2p orbital. These answers 
are obtained by reading the energy-level diagram of Eigure 4.29. 
What do the variations have to do with complications that arise 
from having more than one electron orbiting around the nucleus?. 


77. The difference between these two transitions is that the beryl- 
lium has a stronger nuclear charge. Boosting beryllium“s electron 
away from the nucleus, therefore, requires more energy. 


79. They have similar energy levels and so are grouped within 
the same shell of orbitals, which is the fourth shell. Elements of the 
fourth period of the periodic table (potassium, K, through kryp- 
ton, Kr) all have their outermost electrons within at least one of 
these orbitals. 


81. A shell is a region of space in which electrons may reside. This 
region of space exists with or without the electrons. The space 
defined by the shell exists whether or not an electron is to be found 
there. 


83. Both the potassium and sodium atoms are in group 1 of the 
periodic table. The potassium atom, however, is larger than the 
sodium atoms because it contains an additional shell of electrons. 


85. The approximate effective nuclear charge for any electron can 
be calculated by subtracting the number of inner-shell electrons 
from the number of protons in the nucleus. The effective nuclear 
charge for an outermost-shell electron in fluorine is +9 - 2 = +7. 
The efective nuclear charge for an outermost-shell electron in sul- 
fur is +16 - 10 = +6. 


87. Effective nuclear charge gives rise to the properties of 
ionization energy and atomic size. 


89. Neon⁄s outermost shell is already filled to capacity with elec- 
trons. Any additional electrons would have to occupy the next 
shell out, which has an effective nuclear charge Of Zero. 


91. Potassium has one electron in its outermost occupied shell, 
which is the fourth shell. The efective nuclear charge within this 
shell is relatively weak (+1), so this electron is readily lost. A sec- 
ond electron would need to be lost from the next shell inward (the 
third shell), where the effective nuclear charge is much stronger 
(+9). Thus, it is very difficult to puÌll a second electron away from 
the potassium atom because this electron is being held so tightly 
by this much greater effective nuclear charge. 


93. Note that each shell has been divided into a series of finer 
shells known as “subshells.“ Each subshell corresponds to a 
specific orbital type. The four of the seventh shell, for example, 
includes the 7s orbital, the 5f orbitals, the ód orbitals, and the 7p 
orbitals. Gallium is larger than zinc because it has an electron in 
three subshells of the fourth shell, and zinc has electrons only in 
the first inner two subshells of the fourth shell. Thus, what you see 
here is a refinement on the model presented in Section 4.8. Don/t 
worry about fully understanding this refinement. It is better that 
you understand that all conceptual models are subject to refine- 
ment. We choose the level of refinement that best suits our needs. 


95. If you think scientists know all there is to know about the 
universe, think again. While they certainly know much more than 
they used to, much still remains unknown. One of the mysteries 
as of the writing of this text is the nature of the second form of 
matter called dark matter. Astronomers find evidence of massive 
amounts of this stuf surrounding each galaxy. This form of mat- 
ter, however, only interacts with the gravitational force. It does not 
recognize the strong nuclear force , which means it cannot clump 
to form atomic nuclei. Nor does it recognize the electromagnetic 
force, which is responsible for light and electric charge. Thus, dark 
matter is invisible to light as well as to our sense of touch. The 
reason you can“t walk through a wall is because of the repulsions 
between the electrons in your body and the electrons in the wall. 
If the wall were made of this invisible matter, you would be able 
to walk through it. Of course, you wouldn“t be able to see the wall 
either. This invisible form of matter that we cannot see or touch is 
known as dark matter. Stay tuned to current developments. 
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The AtomiiC 
Nucleus 


From Chapter 5 of Concepiual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^- About 20 percent of the electricity produced in the 
United States comes from nuclear power plants. 
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Radioactivity Results from 
Unstable Nuclei 


Radioactivity ls a Natural 
Phenomenon 


Radioactivity Results from an 
lmbalance of Forces 


Radioactive Elements Transmute 
to Different Elements 


The Shorter the Half-Life, the 
Greater the Radioactivity 


lsotopic Dating Measures the 
Ages of Materials 


Nuclear Fission—The Splitting of 
Atomic Nuclei 


The Mass-Energy Relationship: 
E=... 


Nuclear Fusion—The Combining 
of Atomic Nucdlei 


The AtomC 
Nucleus 


THE MAIN IDEA 


The atomic nucleus ¡is the source of a 
tremendous amount of energy. 


he atomic nucleus is the source of nuclear 
] energy, which comes to us in different forms. 

Radioactivity is nuclear energy that OCCurs 
naturally in the air we breathe, in the rocks around us, 
and even in the food we eat. Some nuclear energy is 
human-controlled and is an important part of medical 
diagnostics and radiation therapy. Another source Of 
nuclear energy is nuclear power plants, which transform 
nuclear energy into electricity. Of course, a nuclear bomb 
is another form of nuclear energy. Qur most significant 
source of nuclear energy, however, is the Sun. We']l see in 
this chapter how solar energy comes from thermonuclear 
fusion and how it relates to Einstein“s famous equation, 
E = rc. In this nuclear age it makes good sense to have 
a basic understanding of the atomic nucleus and how it 
Øives rise to the various forms of nuclear energy. 


The Atomic Nucleus 


shown in the photograph to the 
lower right. Your challenge will 
be to arrange the dominos so 
that every one of them falls. 

. Topple the first domino and 
observe the chain reaction. 
Focus your attention on the 
sound. 


Chain Reactions 


Nuclear fission reactions, decribed 

in Section 7, can undergo what are 
known as explosive chain 3 
reactions. These are self-sustaining 
reactions in which the products of 

one event stimulate further events 

In an ma. Ig You xen 
simulate such a chain reaction wit 
".. ANALYZE AND CONCLUDE 
1. What happened to the sound 

of the dominos as they fell? 


2. Dominos set up in this fashion 
create a series of rows. lf the 
†irst row contains two dominos, 
the second row contains four, 
and the third row contains eight, 
how many would there be in 
the seventh row? Ils this more 
or less than the total number of 
dominos in all the first six rows? 


PROCEDURE 


1. Stand one domino upright so 
that when it topples it hits two 
other upright dominos, which 
also each hit two other upright 
dominos, and so forth. 


2. Arrange as many upright 
dominos as you can ïn this 
fashion so that they fan out as 


+1 Radioactivity Results from Unstable Nuclei 


EXPLAIN THIS 


Why is it both impractical and impossible to prevent our exposure to 
radioactivity? 


Atoms are made of electrons, neutrons, and protons. The neutrons 
and protons are at the highly dense center of each atom-—its nucleus. 
Most atoms have stable nuclei, which means they hold together 
well. This stability ¡is due to an optimal balance of the number of 
protons with the number of neutrons. These stable nuclei remain unchanged. 

Some atoms, however, have nuclei that are unstable because they contain 
“off-balance” numbers of protons and neutrons. They may either contain too 
many neutrons and not enough protons or vice versa. Sooner or later, these 
nuclei spontaneously change to a more stable composition. Eor example, 
©excess neutrons may transform into protons to provide a better nuclear 
balance. During these transformations, the nucleus ejects highly energetic 
particles while also emitting highly energetic electromagnetic radiation. 

A material containing unstable nuclei undergoing these sorts Of transfor- 
mations is said to be radioactive. The high-energy particles and radiation emit- 
ted by a radioactive substance is called radioactivity. Notably, a radioactive 
nucleus disintegrates as it emits radioactivity. In other words, after emitting 
the radioactivity, the radioactive nucleus is no longer what it was. We say that 
the nucleus has “decayed,“ which is why the process of emitting radioactivity 
1s often called zađioacHue decay. 

Radioactive atoms emit three distinct types of radiation, named by the first 
three letters of the Greek alphabet, œ, 8, yalpha, beta, and gamma. Alpha rays 
carry a positive electric charge, beta rays carry a negative charge, and gamma 


3. What would happen if a Ping- 
Pong ball were tossed  into a 
room in which the floor was 
covered with thousands of set- 
to-kill spring-action mousetraps? 
Such an explosive event can 
be seen by using the keywords 
“mousetrap chain reaction” in 
an Internet video search. 


LEARNING OBJECTIVE 


ldentify three forms of radioactivity 
and their effects on living tissue. 


"....s.- 


What types of radiation are emitted by 
the nuclei of radioactive elements? 


147 


} Figure 1 

In a magnetic field, alpha rays bend one 
way, beta rays bend the other way, and 
gamma rays don't bend at all. Note that 
the alpha rays bend less than the beta 
rays. This occurs because alpha particles 
have more inertia (mass) than beta par- 
ticles. The combined beam comes from a 
radioactive material placed at the bottom 
of a hole drilled in a block of lead. 


^^ > 
A/Vv 


^ Figure 2 

A gamma ray is simply electromagnetic 
radiation, much higher in frequency and 
energy than light and X rays. 


Radioactive 
SOUrce 


Paper 


Aluminum 


Lead 


^ Figure 3 

Alpha particles are the least penetrat- 

ing and can be stoppedl by a few sheets 
of paper. Beta particles will readily pass 
through paper but not through a sheet of 
aluminum. Gamma rays penetrate several 
centimeters into solid lead. 
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The Atomic Nucleus 


Gamma ray = ultrahigh-energy 
nonvisible light 


no electric charge, 
Alpha particle = helium nucleus 9e) 


(+2 electric charge) 


Magnet 


Beta particle = electron 
(—1 electric charge) 


Radioactive material Lead block 


rays carry no charge. The three rays can be separated by placing a magnetic 
field across their paths (Figure 1). 

AIlpha radiation is a stream of alpha particles. An alpha particle is the 
combination of two protons and two neutrons (in other words, it is the nucleus 
of the helium atom, atomic number 2). Alpha particles are relatively easy to 
shield against because of their relatively large size and their double positive 
charge (+2). For example, they do not normally penetrate such lightweight 
materials as paper or clothing. Because of their great kinetic energies, however, 
alpha particles can cause significant damage to the surface of a material, espe- 
cially living tissue. When traveling through only a few centimeters of air, alpha 
particles pick up electrons and become nothing more than harmless helium. 
As a matter of fact, thats where the helium in a child“s balloon comes from—— 
practically all Earth/s helium atoms were at one time energetic alpha particles. 

Beta radiation ¡is a stream of beta particles. A beta particle is merely an 
electron ejected from a radioactive nucleus. We will discuss in Section 3 how 
an electron arises from the nucleus. For now, just keep in mind that a beta 
particle is a fast-flying electron. A beta particle is normally faster than an alpha 
particle, and it carries only a single negative charge (-—1). Beta particles are 
not as easily stopped as alpha particles, and they are able to penetrate light 
materials such as paper or clothing. They can penetrate fairly deeply into 
skin, where they have the potential to harm or kill living cells, but they are 
unable to penetrate even thin sheets of denser materials, sụch as aluminum. 
Beta particles, once stopped, simply become a part of the material they are In, 
like any other electron. 

Gamma rays are the high-frequency electromagnetic radiation emitted by 
radioactive nuclei. Like photons of visible light, a gamma ray is pure energy. 
The amount of energy in a gamma ray, however, is much greater than that 
in visible light, ultraviolet light, or even X rays (Figure 2). Because they have 
no mass or electric charge, and because of their hiph energies, gamma rays 
are able to penetrate through most materials. However, they cannot easily 
penetrate very dense materials, such as lead. Lead is commonly used as a 
shielding material in laboratories or hospitals, where there can be much gamma 
radiaton. Delicate molecules inside cells throughout our bodies that are 
zapped by gamma rays suffer structural damage. Hence, gamma rays generally 
cause more damage to our cells than does alpha or beta radiation. 

Figure 3 shows the relative penetrating power of the three types of 
radiation. Figure 4 shows an interesting practical use for gamma radiation. 
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€CONCEPTCHECK 


Pretend that you are given three radioactive rocks. One is an alpha 
emitter, one is a beta emitter, and one is a gamma emitter, and you know 
which is which. You can throw away one, but of the remaining two, you 
must hold one in your hand and place one in your pocket. What can you 
do to minimize your exposure to radiation? 


CHECK YOUR ANSWER Throw away the gamma emitter, because it would 
penetrate your body from any of these locations. Hold the alpha emitter in your hand, 
because the skin on your hand is enough to shield you. Put the beta emitter in your 
pocket, because beta particles will likely be stopped by the combined  thickness of 
your clothing and skin. (ldeally, of course, you should distance yourself as much as 
possible from all of the rocks.) 


2 Radioactivity ls a Natural Phenomenon 


EXPLAIN THIS 
Why are household smoke detectors radioactive? 


Ït is a common misconception that radioactivity is something new ¡n the 
environment. Actually, radioactivity has been around far longer than humans. 
lt has always been in the soil we walk on and in the air that we breathe, and it 
warms Earth/s interior. In fact, radioactive decay in Earth“s interior heats the 
water that spurts from a geyser or wells up from a natural hot spring. 

As Figure 5 shows, most of the radiation we encounter is natural 
background radiation that originates from the Earth, from the Sun, and from 
other stars. At sea level, the protective blanket of the atmosphere reduces this 
radiation, but radiation is more intense at higher altitudes, where the air is 
thinner. In Denver, the “Mile-High City,“ a person receives more than twice as 
much cosmic radiation as he or she does at sea level. 


4 Figure 4 

The shelf life of fresh strawberries and 
other perishables is markedly increased 
when the food is subjected to gamma 
rays from a radioactive source. The 
strawberries on the left were treated 
with gamma radliation, which kills the 
microorganisms that normally lead to 
spoilage. The strawberries are only a 
receiver of radiation and are not trans- 
†ormed into an emitter of radiation, as can 
be confirmed with a radiation detector. 


FORYOUR 


đ INFORMATION 


Most helium atoms produced within 
the Earth find their way to the surface 
and then upward to outer space. 
Some helium, however, collects 
within natural gas deposits, which 
can contain as much as 7 percent 
helium. Most helium used in the 
world is isolated from the natural gas 
reserves of the Great Plains of the 
United States. Prior to World War II, 
the United States stopped supplying 
helium to the Germans, who then 
needed to use combustible hydrogen 
gas to fill their large zeppelin airships. 
One such airship, the Hindenburg, 
famously exploded in 1937. 


LEARNING OBJECTIVE 


ldentify the natural sources, the 
units, and the applications of 
radioactivity. 
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_ÔẢ"ả. 


What is a common source of radiation 
arising from Earth? 


Medicine and 

diagnostics 15% 
Consumer products 
(television sets, 
smoke detectors) 4% 


^ Figure 5 
Origins of radiation exposure for an 
average individual in the United States. 


^ Figure ó 

A commercially available radon test kit 

for the home. The canister is unsealed in 
the area to be sampled. Radon seeping 
into the canister is adsorbed by activated 
carbon within the canister. After several 
days, the canister is resealed and sent to 

a laboratory that determines the radon 
level by measuring the amount of radiation 
emitted by the adsorbed radon. 


} Figure 7 

Nuclear radiation is focused on harmful 
tissue, such as a cancerous tumor, to 
selectively kill or shrink the tissue in a 
technique known as radiation therapy. This 
application of nuclear radiation has saved 
millions of lives—a clear-cut example of 
the benefits of nuclear technology. The 
inset shows the international symbol indi- 
cating an area where radioactive material 
is being handled or produced. 


150 


The Atomic Nucleus 


A common source of radiation of an Earthly origin is radon-222, an inert 
gas arising from uranium, which is widely found at low levels within all rock, 
soil, and water. Radon is a heavy gas that tends to accumulate in basements 
after it seeps up throuph cracks in the floor. Levels of radon vary from region 
to region, depending upon local geology. You can check the radon level in 
your home with a radon detector kit (Figure 6ó). lf levels are hiph, corrective 
measures, such as sealing the basement floor and walls and maintaining 
adequate ventilation, should be taken. Radon gas poses a serious health risk. 

About 20 percent of our annual exposure to radiation comes from sources 
outside of nature, primarily medical procedures. Fallout from nuclear testing 
and the coal and nuclear power industries are also contributors. Interestingly, 
the coal industry outranks the nuclear power industry as a source of radiation. 
The global combustion of coal annually releases about 13,000 tons of radioactive 
thorium and uranium into the atmosphere (n addition to other environmen- 
tally damaging molecules, including greenhouse gases). Both of these elements 
are found naturally in coal deposits, so their release is a natural consequence 
of burning coal. Nuclear power plants also produce radioactive by-products. 
Worldwide, the nuclear power industries generate about 10,000 tons of radioac- 
tive waste each year. Most of this waste, however, is contained and not released 
into the environmernt. 

When radiation encounters our intricately structured cells, it can create 
chaos. Cells are able to repair most kinds of damage caused by radiation ¡f the 
damage is not too severe. A cell can survive an otherwise lethal dose of radiation 
1f the dose is spread over a long period of time to allow intervals for healing. 
'When radiation is sufficient to kill cells, the dead cells can be replaced by new 
ones. Sometimes a radiated cell will survive with damaged DNA. This can alter 
the genetic information contained in a cell, producing one or more #04t4afi0ns. 
Although the effects of most mutations are inconsequential in terms of a per- 
son“s health, some mutations affect the functoning of cells. Genetic mutations 
are the cause of most cancers, for example. In addition, mutations that occur in 
an individuals reproductive cells can be passed to the individual“s offspring. In 
this case, the mutation will be present in every celÏ in the offspring organism/s 
body--and may well have an effect on the functioning of the organism. 


Rems Are Units of Radiation 


We measure the ability of radiation to cause harm to living tissue in rems. 
Lethal doses of radiation begin at 500 rems. A person has about a 50 percent 
chance of surviving a dose of this magnitude received over a short period of 
time. During radiation therapy, a patient may receive localized doses in excess 
of 200 rems each day for a period of weeks (Figure 7). 

Throughout our lives all the radiation we receive from natural sources and 
medical procedures is only a fraction of 1 rem. For convenience, the smaller 
unit #illirem 1s used; 1 millirem (mrem) ¡is 1/1000 of a rem. 
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TABLE 1 
SOURCE 


Annual Radiation Exposure 


TYPICAL AMOUNT RECEIVED IN 1 YEAR (MILLIREMS) 


Natural Origin 


Cosmic radiation 26 
Ground 33 
Air (radon-222) 


Human tissues (botassium-40; S) 
radium-224) 


Human Origin 
Medical procedures 
Diagnostic X rays 
Nuclear medicine 


Television tubes, other 
consumer products 


Weapons-test fallout 


Source: U.S. Nuclear Regulatory Commission, http://www.nrc.gov/reading-rm/ 
doc-collections/fact-sheets/bio-effects-radiation.html 


The average person in the United States is exposed to about 360 millirems 
a year, as Table 1 indicates. About 80 percent of this radiation comes from 
natural sources, such as cosmic rays (radiation from our sun as well as other 
stars) and the Earth. A typical diagnostic X ray exposes a person to between 
5 and 30 millirems (0.005 and 0.030 rem), less than 1/10,000 of the lethal dose. 


Radioactive Tracers and Medical Imaging 


Radioactive isotopes can be incorporated into molecules whose location can 
then be traced by the radiation they emit. When used in this way, radioac- 
tive isotopes are called frøcers, and Figure 8 shows one use for them. To check 
the acHon of a fertilizer, researchers incorporate radioactive isotopes into the 
molecules of the fertilizer and then apply the fertilizer to plants. The amount 
taken up by the plants can be measured with radiation detectors. From such 
measurements, scientists can tell farmers how much fertilizer to use, because 
fertilizer uptake is a physical and chemical process that is not affected by the 
radioactivity of the materials involved. 

Tracers are also used ¡in industry. Motor oil manufacturers can quantify 
the lubricating qualities of their products by running oiÏl in engines containing 
small but measurable amounts of radioactive isotopes. As the engine runs and 
the pistons rub against the inner chambers, some of the metal from the engine 
invariably makes its way into the motor oil, and this metal carries with it the 
embedded radioactive isotopes. The better the lubricating qualities of a motor 
oil, the fewer radioactive isotopes it will contain after running ¡n the engine for 
a given length of time. 


Fertilizer with radioactive 
isotope applied to crop 


Radioactivity detected in plant 


FORYOUR 


&@ INFORMATION 


The deeper you go below the 
Earth“s surface, the hotter it gets. 
At a depth of merely 30 kilometers 
the temperature is over 500°C. At 
greater depths it is so hot that rock 
melts into magma, which can rise to 
the Earth's surface to escape as lava. 
Superheated subterranean water 
can escape violently to form geysers 
or more gently to form a soothing 
natural hot spring. The main reason 
it gets hotter down below is that 
the Earth contains an abundance of 
radioactive isotopes and is heated as 
it absorbs the radiation from these 
isotopes. So volcanoes, geysers, 
and hot springs are all powered 

by radioactivity. Even the drifting 

of continents (plate tectonics) is a 
consequence of the Earth's internal 
radioactivity. 


FORYOUR 


&@ INFORMATION 


The only element beyond uranium 

to find a commercial application 

is americium, Am, which is a key 
component of nearly all household 
smoke detectors. This element 
completes an electric circuit by 
ionizing air within a chamber. Smoke 
particles interfere with this ionization, 
thus breaking the circuit and 
triggering the alarm. 


4 Figure 8 
Tracking fertilizer uptake with a radioactive 
isotope. 
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^ Figure 9 

The thyroid gland, located in the neck, 
absorbs much of the iodine that enters 
the body through food and drink. 
lmages of the thyroid gland, such as the 
one shown here, can be obtained by 
giving a patient the radioactive isotope 
iodine-131. These images are useful in 
diagnosing metabolic disorders. 


LEARNING OBJECTIVE 


Describe how the strong nuclear 
force acts to hold nucleons 
together in the atomic nucleus. 


__Ñ 


Are protons on opposite sides of a 
large nucleus attracted to each other? 


) Figure 10 

(a) Two protons near each other experience 
both an attractive strong nuclear force and 
a repulsive electric force. At this tỉny sepa- 
ration distance, the strong nuclear force 
overcomes the electric force, resulting in 
their staying together. (b) When the two 
protons are relatively far from each other, 
the electric force is more significant. The 
protons repel each other. This proton— 
proton repulsion in large atomic nuclei 
reduces nuclear stability. 
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TABLE 2 Úses for Various Radioactive lsotobes 
ISOTOPE USAGE 
Fluorine-18 Medical PET scans 


Calcium-47 The study of bone formation in mammals 


Californium-252 lnspection of airline luggage for explosives 
Hydrogen-3 (tritium) Drug-metabolism studies 

lodine-131 'Treatment of thyroid disorders 

Iridium-192 Testing the integrity of metal parts 


Thallium-201 Cardiology and for tumor detection 


Xenon-133 Lung-ventilation and blood-flow studies 


Source: The Regulation and Úse of Radioisotopes in Today's World (NUREG/ 
BR-0217, Revision 1), U.S. Nuclear Regulatory Commission 


In a technique known as edical imasins, isotopes are used for the diagnosis 
of internal disorders. Small amounts of a radioactive material such as sodium 
1odide, Nal, which contains the radioactive isotope iodine-131, are administered 
to a patient and traced through the body with a radiation detector. The result, 
shown in Figure 9, is an image that shows how the material is distributed in the 
patients body. This technique works because the path the tracer material takes 
is influenced only by its physical and chemical properties, not by its radioac- 
tivity. The tracer may be introduced alone or along with some other chemical, 
known as a carrier conpound, that helps target the isotope to a particular type of 
tissue in the body. 


3 Radioactivity Results from an lmbalance of Forces 


EXPLAIN THIS 
Why are larger nuclei less stable than smaller nuclei? 


'We know that electric charges of the same charge repel one another. So how 1s it 
possible that positively charged protons in the nucleus stay clumped together? 
This question led to the discovery of an attraction called the strong nuclear 
force, which acts between all nucleons. This force is very strong but only over 
extremely short distances. Repulsive electric forces, on the other hand, are 
relatively long-ranged. Figure 10 suggests a comparison of the strengths of 
these two forces over distance. 

Because the strong nuclear force decreases over distance, a large nucleus is 
not as stable as a small one, as shown in Figure 11. For protons that are close 
together, as in small nuclei, the attractive strong nuclear force easily overcomes 
the repulsive electric force. But for protons that are far apart, like those on 
opposite edges of a large nucleus, the attractive strong nuclear force may be 
weaker than the repulsive electric force. 


Strong nuclear force Electric force Strong nuclearforce  Electric force 
(attractive) (repulsive) (attractive) (repulsive) 
Insignifcant Signifñicant| |Insignifcant  Significant Insignificant  Significant | |Insignificant  Significant 


\ 


“—=l—l 
2 2 


(a) ( 
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(a) Nucleons close together (b) Nucleons far apart 


A large atomic nucleus is more susceptible to the repulsive forces among 
protons. This means there ¡is a limit to the size of the atomic nucleus. As 
evidence of this, we find that all nuclei having more than 83 protons are radio- 
active. Furthermore, the superheavy elements, such as those above uranium, 
atomic number 92, are not found in nature. These superheavy elements are 
difficult to make in the laboratory. When they are produced, they exist for only 
fractions of a second. 


G1 jUC ELb TC HECTK 


Two protons in the atomic nucleus repel each other, but they are also 
attracted to each other. Why? 


CHECK YOUR ANSWER While two protons repel each other by the electric force, 
they also attract each other by the strong nuclear force. These forces act simultane- 
ously. So long as the attractive strong nuclear force is stronger than the repulsive elec- 
tric force, the protons will remain together. Under conditions in which the electric force 
overcomes the strong nuclear force, however, the protons fly apart from each other. 


Neutrons serve as the “nuclear cement” holding an atomic nucleus together. 
Protons attract both protons and neutrons by the strong nuclear force. Protons 
also repel other protons by the electric force. Neutrons, on the other hand, have 
no electric charge and so attract protons and other neutrons only by the strong 
nuclear force. Therefore, the presence of neutrons adds to the attraction among 
nucleons and helps hold the nucleus together (Figure 12). 

Nuclei with larger numbers of protons require larger numbers of neutrons 
to help balance the repulsive electric forces. For light elements, it is sufficient to 
have about as many neutrons as protons. For instance, the most common isotope 
of carbon, C-12, has equal numbers of each—six protons and six neutrons. For 
large nuclei, more neutrons than protons are needed. Because the strong nuclear 
force diminishes rapidly over distance, nucleons must be practically touching 
in order for the strong nuclear force to be effective. Nucleons on opposite sides 


(b) 


All nucleons, both protons and Only protons repel one another 
neutrons, attract one another by by the electric force. 
the strong nuclear force. 


4 Figure 11 

(a) All nucleons in a small atomic nucleus 
are close to one another; hence, they 
experience an attractive strong nuclear 
force. (b) Nucleons on opposite sides of 
a larger nucleus are not as close to one 
another, so the attractive strong nuclear 
forces holding them together are much 


weaker. The result is that the large nucleus 


is less stable. 


4 Figure 12 

(a) The presence of neutrons helps hold 
the nucleus together by increasing the 
effect of the strong nuclear force, 


represented by the single-headed arrows. 


(b) The total strength of the attractive 
nuclear force, therefore, exceeds that 
of the repulsive electric force occurring 


between the two protons, represented by 


the double-headed arrow. 
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) Figure 13 


(a) A neutron without an adjacent proton is unstable and decays to a from neutron 
proton by emitting an electron. (b) Large nuclei have more neutrons 
than protons, which means that some of these neutrons don't have a 
sufficient number of adjacent protons. One of these extra neutrons may 
transform into a proton. Destabilized by an increase in the number of 
protons, the nucleus begins to shed fragments, such as alpha particles. 


 -®@6-@ 


(a) 


LEARNING OBJECTIVE 


Name the isotope that results from 
a series of alpha and beta decays. 


-. na 


What is the term for the changing of 
one element into another? Hint: lt is the 
same word used by the alchemists. 


154 


The Atomic Nucleus 


New proton formed Alpha particle emitted 


Electron (beta 
© bparticle) ejected 
from neutron 


of a large atomic nucleus are not so attracted to one another. The electric force, 
however, does not diminish by much across the diameter of a large nucleus 
and so begins to win out over the strong nuclear force. lo compensate for the 
weakening of the strong nuclear force across the diameter of the nucleus, large 
nuclei have more neutrons than protons. Lead nuclei, for example, have about 
one-and-a-half times as many neutrons as protons. 

So we see that neutrons are stabilizing and large nuclei require an abun- 
dance of them. But neutrons are not always successful in keeping a nucleus 
intact. Interestinply, neutrons are not stable without protons. A lone neutron 
is radioactive and spontaneously transforms to a proton and an electron 
(Figure 13a). A neutron seems to need protons around to keep this from hap- 
pening. After the size of a nucleus reaches a certain point, the neutrons so 
outnumber the protons that there are not sufficient protons in the mix to 
prevent the neutrons from turning into protons. As neutrons in a nucleus 
change into protons, the stability of the nucleus decreases because the repulsive 
electric force becomes increasingly sipnificant. The result is that pieces of the 
nucleus fragment away ïn the form of radiation, as indicated ¡in Figure 13b. 


CO ÚC ETP ïT€CHECGK 


What role do neutrons serve in the atomic nucleus? What ¡is the fate of a 
neutron when alone or distant from one or more protons? 


CHECK YOUR ANSWER Neutrons serve as a nuclear cement in nuclei and add 
to nuclear stability. But when alone or away from protons, a neutron becomes radlioac- 
tive and spontaneously transforms to a proton and an electron. 


4 Radlioactive Elements Transmute to Different Elements 


EXPLAIN THIS 
Why is the element lead often found within uranium ore? 


When a radioactive nucleus emits an alpha or beta particle, the atomic number 
of the nucleus is changed. It becomes another elemert. 

The changing of one element to another is called transmutation. Consider 
a uranium-238 nucleus, which contains 92 protons and 146 neutrons. When an 
alpha particle is ejected, the nucleus loses two protons and two neutrons. Since 
an element is defined by the number of protons in its nucleus, the 90 protons 
and 144 neutrons remaining no longer constitute a uranium atom. What we 
have now is the nucleus of a different element—thorium. This transmutation 
can be written as a nuclear equation: 
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9o@®é£ = 
= 429 : +® 
——> 


2U 21h + ;He 

W see that “2U transmutes to the two elements written to the right of the 
arrow. When this transmutation occurs, energy is released, partly in the form 
of the kinetic energy of the alpha particle (He), partly in the kinetic energy 
of the thorium atom, and partly ¡n the form of gamma radiation. In this and 
all such equations, the mass numbers at the top balance (238 = 234 + 4) 
and the atomic numbers at the bottom also balance (92 = 90 + 2). 

Thorium-234, the product of this reaction, is also radioactive. When it 
decays, it emits a beta particle. Because the formation of a beta particle results 
in an additional proton, the atomic number of the resulting nucleus is 7creased 
by 1. So after beta emission by thorium with 90 protons, the resulting element 
has 91 protons. lt is no longer thorium but the element protactinium. Although 
the atomic number has increased by 1 in this process, the mass number 
(protons + neutrons) remains the same. The nuclear equation is 


90® & 
144® 


1h —> Pa + ¡e 

We write an electron as -1e. The superscript 0 indicates that the electron/s 
mass is insignificant relative to that of protons and neutrons. The subscript —1 
1s the electric charge of the electron. 

So we see that when an element ejJects an alpha particle from its nucleus, 
the mass number of the remaining atom is decreased by 4 and its atomic num- 
ber is decreased by 2. The resulting atom is an atom of the element two spaces 
back in the periodic table, because this atom has two fewer protons. When an 
element ejects a beta particle from its nucleus, the mass of the atom is practi- 
cally unaffected, meaning there is no change in its mass number but its atomic 
number increases by 1. The resulting atom becomes the element one space 
forward in the periodic table because it has one more proton. 

The decay of uranium-238 to lead-206 is shown ¡in Figure 14. Each blue 
arrow shows an alpha decay, and each red arrow shows a beta đecay. 
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230 


226 


222 


Mass number 


218 


214 


Atomic number 


FORYOUR 


&@ INFORMATION 


Beta emission is also accompanied 
by the emission of a neutrino, which 
is a neutral particle with nearly zero 
mass that travels at about the speed 
of light. Neutrinos are hard to detect 
because they interact very weakly 
with matter—a piece of lead about 
eight light-years thick would be 
needed to stop half the neutrinos 
produced in typical nuclear decays. 
Thousands of neutrinos are flying 
through you every second of every 
day, because the universe is filled with 
them. Only occasionally, one or two 
tỉmes a year, does a neutrino interact 
with an atom of your body. 


4 Figure 14 
U-238 decays to Pb-20ó through a series 
of alpha and beta decays. 
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LEARNING OBJECTIVE 
Recognize how a radlioactive ele- 


ment can be identified by the rate 
at which it decays. 


"..-..--‹ 


How is radioactive half-life defined? 


1kg 


1/2 kg|--- 


1⁄4kg|- - - ----' 
1/8 kg|-- 


Ị 
I 1 h 
Ị Ị l 
1620 3240 4860 
Years 


^ Figure 15 

Radium-226 has a half-life of 1620 years, 
meaning that every 1620 years the amount 
of radium decreases by half as it trans- 
mutes to other elements. 
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G0 CC BE bốc HE CGK 


What finally becomes of all the uranium that undergoes radioactive 
decay? 


CHECK YOUR ANSWER All uranium ultimately becomes lead. Along the way, it 
exists as the elements indicated in Figure 14. 


5 The Shorter the Half-Life, the Greater the Radlioactivity 


EXPLAIN THIS 
How is the rate of transmutation relatedl to half-life? 


Radioactive isotopes decay at different rates. The radioactive decay rate is 
measured in terms of a characteristic time, the half-life. 

The half-life of a radioactive material is the time required for half of 
the radioactive atoms to decay. Radium-226, for example, has a half-life of 
1620 years. This means that half of any given specimen of Ra-226 decays by the 
end of 1620 years. In the next 1620 years, half of the remaining radium decays, 
leaving only one-fourth the original number of radium atoms. The other 
three-fourths convert, by a succession of decays, to lead. After 20 half-lives, an 
initial quantity of radioactive atoms is diminished to about one-millionth of the 
Original quantity (Figure 15). 

Half-lives are remarkably constant and not affected by external conditions. 
Some radioactive isotopes have half-lives that are less than a millionth of a 
second, while others have half-lives of more than a billion years. For example, 
uranium-238 has a half-life of 4.5 billion years. This means that in 4.5 billion 
years, half the uranium in the earth today will be lead-206. 

lt is not necessary to wait through the duration of a half-life in order to 
measưure it. The half-life of an element can be accurately estimated by measur- 
¡ng the rate of decay of a known quantity of the elemert. This is easily done 
using a radiation đetector. In general, the shorter the half-life of a substance, 
the faster it disintegrates and the more radioactivity per minute is detected. 

Figures 16 and 17 show two ways of detecting radiation. 

The half-life of radium-226 is 1620 years. Does this mean that an individual 
Ra-226 nucleus has to wait 1620 years before it decays? The answer is no. Some 
Ra-226 nuclei will decay within a few minutes. Others won/t decay for tens of 
thousands of years. But if all the nuclei of a radioactive element decay at differ- 
ent times, then why 1s the half-life of a radioactive substance always the same? 
Half-life applies only to macroscopic quantities of a radioactive substance. In 
such quantities, there are billions upon billions of nuclei. Half-life is a statisti- 
cal measure of what happens to all these nuclei ơ1 ø0erage. ÏÝ, on average, the 
nuclei decay quickly, then the half-life will be short, which tells us that these 


4 Figure 16 

The handheld tube of a Geiger counter contains a gas that 
gets ionized by incoming nuclear radiation. This completes 
an electric circuit, which generates audible clicks that 
increase with increasing radiation. 
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nuclei are not very stable. Conversely, if, on average, it takes a long time for the 
nuclei to decay, then the half-Hfe will be long, which tells us that these nuclei 
are more stable. 


CONCETIPTCHECK 


1. lf a sample of radioactive isotopes has a half-life of 1 day, how much 
of the original sample will remain at the end of the second day? 
The third day? 

2. Which will give a higher counting rate on a radliation detector— 
radioactive material that has a short half-life or a long half-life? 


CHECK YOUR ANSWERS 


1. In the second day, one-fourth of the original sample will be left. The three-fourths 
that underwent decay becomes a different element altogether. At the end of 3 days, 
one-eighth of the original sample will remain. 


2. The material with the shorter half-life is more active andl wil| show a higher counting 
rate on a radliation detector. 


ó Isotopic Dating Measures the Ages of Materials 


EXPLAIN THIS 


How doses radioactivity allow archeologists to measure the ages of ancient 
artifacts? 


Cosmic rays continually bombard the Earth's atmosphere. This bombardment 
causes many atoms in the upper atmosphere to transmute. These transmuta- 
tions result in many protons and neutrons being “sprayed out” into the envi- 
ronment. Most of the protons are stopped as they collide with the atoms of the 
upper atmosphere. These protons strip electrons from the atoms they collide 
with and thus become hydrogen atoms. The neutrons, however, confinue for 
longer distances because they have no electric charge and therefore do not 
interact electrically with matter. Eventually, many of them collide with atomic 
nuclei in the lower atmosphere. A nitrogen atom that captures a neutron, for 
instance, becomes an isotope of carbon by emitting a proton: 


“6® == 
đồ ! d 
SỂ 


+ 1H 


——> 


This carbon-14 isotope, which makes up less than one-millionth of 
1 percent of the carbon ¡in the atmosphere, is radioactive and has eight neutrons. 
(The most common isotope, carbon-12, has six neutrons and is not radioac- 
tive.) Because both carbon-12 and carbon-14 are forms of carbon, they have the 
same chemical properties. Both of these isotopes, for example, chemically react 
with oxygen to form carbon dioxide, which is consumed by plants through the 
process of photosynthesis. This means that all plants contain a tiny quantity of 
radioactive carbon-14. 


^ Figure 17 

The film badge worn by this technician 
contains audlible alerts for both radiation 
surge and accumulated exposure. 
Information from the individualized badges 
is periodically downloaded to a database 
for analysis. 


LEARNING OBJECTIVE 


Review how the age of ancient 
artifacts can be determined by 
measuring the amounts of remaining 
radioactivity the artifacts contain. 


CHEMICAL 
CONNECTIONS 
How is the radioactivity of 
your body connected to the 
stars? 
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` Á READINGCHECK 


Plants contain a little carbon-14, but 
why do humans also contain carbon-14? 


FORYOUR 


&@ INFORMATICON 


A 1g sample of carbon from recently 
living matter contains about 50 trillion 
billion (5 x 1022) carbon atoms. Of 
these carbon atoms, about ó5 billion 
(6.5 x 1010) are the radioactive C-14 
isotope. This gives the carbon a beta 
disintegration rate of about 13.5 
decays per minute. 


`w Figure 18 

The amount of radioactive carbon-14 

in the skeleton is reduced by one-half 
every 5730 years. The result is that the 
same skeleton today contains only a trace 
amount of the original carbon-14. The red 
arrows represent the relative amounts of 
carbon-14. 


22,920 years ago 
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17,190 years ago 
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All animals eat either plants or plant-eating animals; therefore, all animals, 
including humans, have a little carbon-14 in them. 5o we see why all living 
things on Earth contain some carbon-14. This radioactive isotope decays back 
into nitrogen as it emits a beta particle: 


t„ Ñ 
—> 7Q, + r9 
` 2 


Because plants absorb carbon dioxide while alive, any carbon-14 that decays 
is immediately replenished with fresh carbon-14 from the atmosphere. In this 
way, a radioactive equilibrium is reached in which there is a constant ratio of 
about 1 carbon-14 atom to every 100 billion carbon-12 atoms. When a plant dies, 
replenishment of carbon-14 ends. Then the percentage of carbon-14 decreases at 
a constant rate determined by its half-life. The amount of carbon-12, however, 
does not change, because this isotope does not undergo radioactive decay. The 
longer a plant or other organism is dead, the less carbon-14 it contains relative 
to the constant amount of carbon-12. 

The half-life of carbon-14 is about 5730 years. This means that half of the 
carbon-14 atoms now present in a plant or animail that dies today will decay in 
the next 5730 years. Half of the remaining carbon-14 atoms will then decay in 
the following 5730 years, and so on. 

With this knowledge, scientists are able to calculate the age of carbon-con- 
taining artifacts, such as wooden tools or the skeleton shown in Figure 18. Their 
age is measured by their current level of radioactivity. This process, known as 
carbon-14 dating, enables investigators to probe as far as 50,000 years into the 
past. Beyond this time span, there is too little carbon-14 remaining for accurate 
analys1s. 

Because of fluctuations in cosmic ray bombardment rates over the centuries, 
carbon dating has an uncertainty of about 15 percent. This means, for example, 
that the straw of an old adobe brick dated to be 500 years old may really be 
only 425 years old on the low side or 575 years old on the hiph side. For many 
purposes, this is an acceptable level of uncertainty. 


CON (CEPTCHECGK 


Suppose that an archaeologist extracts 1 gram of carbon from an 
ancient ax handle and finds that it is one-fourth as radioactive as 1 gram 
of carbon extracted from a freshly cut tree branch. About how old is the 
ax handle? 


CHECK YOUR ANSWER Assuming the ratio of C-14/C-12 was the same 
when the ax was made, the ax handle is as old as two half-lives of C-14, or about 
11,4ó0 years old. 


Present 


11,460 years ago 5730 years ago 
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Artifacts derived from nonliving materials can also be dated based on the 
radioactive minerals they contain. The naturally occurring mineral isotopes 
uranium-238 and uranium-235, for example, decay very slowly and ultimately 
become lead—but not the common isotope lead-208. Instead, as was shown 
in Eigure 14, uranium-238 decays to lead-206. Uranium-235, on the other 
hand, decays to lead-207. Thus, the lead-206 and lead-207 that now exist in a 
uranium-bearing rock were at one time uranium. Older rocks contain higher 
percentages of these trace isotopes. 

lí you know the half-lives of uranium isotopes and the percentage of 
lead isotopes in some uranium-bearing rock, you can calculate the date of the 
rock“s formation. Rocks dated ¡in this manner have been found to be as much 
as 3.7 billion years old. Samples from the Moon have been dated at 4.2 billion 
years, which is close to the estimated age of our solar system: 4.6 billion years. 


Z7 Nuclear Fission—The Splitting of Atomic Nudlei 


EXPLAIN THIS 


Why isnft ít possible for a nuclear power plant to explode like a nuclear 
bomb? 


Biology students know that living tissue grows by the division of cells. The 
splitting in half of living cells is called ƒfiss7ơn. In a similar way, the splitting of 
an atomic nucleus into two smaller halves ¡s called nuclear fission. 

Nuclear fission involves the delicate balance between two forces within 
the nucleus. One force is the sfrone 1+clear ƒorce, which is a force that holds all 
the nucleons together. The second force is the repulsive elecfric ƒorce occurring 
among all the like-sign protons. In most nuclei the nuclear strong force domi- 
nates. Ín uranium, however, this domination is weak. If the uranium nucleus 
1s stretched into an elongated shape (Figure 20), the electric forces may push it 
into an even more elongated shape. lf the elongation passes a critical point, the 
electric forces overwhelm the strong nuclear forces, and the nucleus splits. This 
splitting process is called nuclear fission. 

The absorption of a neutron by a uranium nucleus supplies enough 
energy to cause such an elongation. The resulting fission process may produce 
many different combinations of smaller nuclei. More significantly, the energy 
released by fission is enormous——about 7 million times that of a TINT molecule 
explosion. This energy is mainly in the form of the kinetic energy of the fission 
fragments, which fly apart from one another. A much smaller amount of energy 
1s released as gamma radiation. 

Here ¡is the equation for a typical uranium fission reaction: 
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Note that in this reacton 1 neutron starts the fission of a single uranium 
nucleus, which produces nuclear fragments and 3 neutrons. These 3 neutrons 


LEARNING OBJECTIV 


Describe the process by which 
large atomic nuclei can split in 
half leading to the production of 


energy. 


^ Figure 19 

Carbon-14 dating was developed by the 
American chemist Willard F. Libby (1908- 
1980) at the University of Chicago in the 


1950s. For this work he received the Nobel 


Prize in Chemistry in 19é0. 
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) Figure 20 

An elongation of the nucleus may result 
in the repulsive electric force's overcom- 
ing the attractive strong nuclear force, in 
which case fission occurs. 


` TƯ CHECK 


What exactly is a chain reaction? 


w Figure 2† 


A chain reaction. 
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@) The greater force is 
the strong nuclear 
force. 


@) Critical deformation 
OCCUrS. 


The greater force is the 
electric force, which results 
in a splitting of the nucleus. 


can cause the fissioning of 3 more uranium atoms, releasing 9 more neutrons. 
lí each of these 9 neutrons succeeds in splitting a uranium atom, the next step 
in the reaction produces 27 neutrons, and so on. Such a sequence, illustrated in 
Figure 21, ¡s called a chain reaction. A chain reaction is a self-sustaining reac- 
tion in which the products of one reaction event initiate further reaction events. 

Why do chain reactions not happen ¡in naturally occurring uranium ore 
deposits? They would i1f all uranium atoms fissioned so easily. Fission OcCurs 
mainly in the rare isotope U-235, which makes up only 0.7 percent of the ura- 
nium in pure uranium metal, as shown in Figure 22. When the more abundant 
isotope U-238 absorbs neutrons created by fission of U-235, the U-238 typically 
does not undergo fission. So any chain reaction is snuffed out by the neutron- 
absorbing U-238, as well as by the rock in which the ore is imbedded. 

Chain reactions are more effective in large chunks of uranium than in smaller 
chunks. In smaller chunks, neutrons easily find the surface and escape, as shown 
1n Figure 23. As the neutrons escape, the chain reaction no longer builds up. 

If two small chunks of uranium are suddenly pushed together, they make 
a larger chunk. Within this larger chunk, neutrons are no longer able to escape 
as easily. Instead, they continue the chain reaction, which becomes sustainable. 
The minimum size of a chunk needed for a sustainable chaïn reaction is called 
the critical mass. Any chunk at or above the critical mass produces a steady 
release of energy. With the correct engineering, this release of energy can be 
controlled, which ¡is what happens within a nuclear power plant. A different 
SOrt Of engineering, as shown in Figure 24, produces an explosion of energy, 
which ¡is the basis of a nuclear fission bomb. 
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Constructing a fission bomb is a formidable task. The difficulty is in sepa- 
rating enough uranium-235 from the more abundant uranium-238. Separation 
1s difficult because, except for their sliphtly different masses, the two isotopes 
have the same physical and chemical properties. Scientists took more than 
2 years to extract enough of the 235 isotope from uranium ore to make the 
bomb that was detonated at Hiroshima in 1945. To this day, uranium isotope 
separation, also known as uranium enrichment, remains a difficult process. 


Nuclear Fission Reactors 


The awesome energy of nuclear fission was introduced to the world in the 
form of nuclear bombs, and this violent image still colors our thinking about 
nuclear power, making it difficult for many people to recognize its potential 
usefulness. Currently, about 20 percent of electric energy in the United States 
1s generated by m0clear fission reactors (whereas most electric power is nuclear 
in some other countries—about 75 percent in France). These reactors are 
sinply nuclear furnaces. They, like fossil fuel furnaces, do nothing more 
elegant than boil water to produce steam for a turbine (Figure 25). The great- 
est practical difference is the amount of fuel involved: a mere 1 kilogram 
of uranium fuel, less than the size of a baseball, yields more energy than 
30 freight-car loads of coal. 

A fission reactor contains four components: nuclear fuel, control rods, 
moderator (to slow the velocity of the neutrons, making them effective for 
the fission process), and a liquid (usually water) to transfer heat from the 
reactor to the turbine and generator. The nuclear fuel is primarily U-238, plus 
about 3 percent U-235. Because the U-235 isotopes are so highly diluted with 
U-238, an explosion like that of a nuclear bomb is not possible. The reacton 
rate, which depends on the number of neutrons that initiate the fission of 
other U-235 nuclei, is controlled by rods inserted into the reactor. The control 
rođs are made of a neutron-absorbing material, usually metals like cadmium 
or boron. 

Heated water around the nuclear fuel ¡is kept under high pres- 
sure to keep it at a hiph temperature without boiling. lt transfers heat 
to a second, lower-pressure water system, which operates the turbine and 
electric generator in a conventional fashion. In this design, two separate water 
systems are used so that no radioactivity reaches the turbine or the outside 
environment. The entire setup resides inside a building like the one shown 
1n Figure 2ó. 

A significant disadvantage of fission power is the generation of radioactive 
waste products. Lipht atomic nuclei are most stable when composed of equal 
numbers of protons and neutrons, as discussed earlier, and heavy nuclei need 
more neutrons than protons for stability. For example, there are 143 neutrons 
but only 92 protons in U-235. When uranium fissions into two medium-weight 
elements, the extra neutrons in their nuclei make them unstable. They are 
radioactive, most with very short half-lves, but some with half-lives of thou- 
sands of years. Safely disposing of these waste products, as well as materials 
made radioactive in the production of nuclear fuels, requires special storage 
casks and procedures. Although fission has been successfully producing elec- 
tricity for a half century, disposing of radioactive wastes in the United States 
remains problematic. 
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Neutrons escape small 
lump of uranium-235. 


Neutrons trigger more reactions 
within large lump of uranium-235. 


^ Figure 23 

This exaggerated view shows that a 

chain reaction in a small piece of pure 
uranium-235 runs its course before it 

can cause a large explosion because 
neutrons leak from the surface too soon. 
The surface area of the small piece is large 
relative to its mass. In a larger piece, more 
uranium and less surface are presented to 


the neutrons. 
FORYOUR 
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One ton of uranium can produce 
more than 40 million kilowatt-hours 
of electricity. This is equivalent to 
burning 1ó,000 tons of coal or 80,000 
barrels of oil. There are currently 104 
operating U.S. nuclear power plants, 
which produce over 20 percent of 


U.S. electricity. 
FORYOUR 
INFORMATION 


A nuclear power plant “meltdown” 
occurs when the fissioning nuclear 
fuels are no longer submerged within 
a cooling fluid, such as water. The 
temperature rises to the point that 
the solid nuclear fuel and the reaction 
vessel itself melt into a liquid phase 
that has the potential of penetrating 
through the floor of the containment 
building. 


4 Figure 24 

Simplified diagram of a uranium-fission 
bomb. Two smaller masses of uranium are 
initially apart from each other. The bomb is 
ignited when high explosives (gunpowder) 
force the two masses to come together 
into a single lump with a critical mass. 
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) Figure 25 

Diagram of a nuclear fission power plant. 
Note that the water in contact with the 
fuel rods is completely contained and 
that radioactive materials are not involved 
directly in the generation of electricity. 


FORYOUR 
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Notably, active safety measures failed 
when the Generation lI Fukushima 
Daiichi nuclear plant of Japan was hit 
by the powerful tsunami of 2011. 


} Figure 26 

The nuclear reactor is housed within a 
dome-shaped containment building that 
is designed to prevent the release of 
radioactive isotopes in the event of an 
accident. The Soviet built Chernobyl 
nuclear power plant that reached melt- 
down in 198ó had no such containment 
building, leading to the release of massive 
amounts of radiation into the surrounding 
environment. 
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The designs for nuclear power plants have progressed over the years. The 
earliest designs, from the 1950s through the 1980s, are called the Generation Ï 
and II reactors. The safety systems of these reactors are “active,“ in that they 
rely on a series of active measures, such as water pumps, that come into play 
to keep the reactor core cool in the event of an accident. The Generation II 
reactors, built in the 1990, also rely on active safety measures but are more 
economical to bưild, operate, and maintain. 

While not yet operational, the latest Generation IV nuclear reactors 
will have fundamentally diíferent reactor designs. For example, they will 
incorporate passive safety measures that will cause the reactor to shut down by 
1tself in the event of an emergency. The fuel source may be the depleted uranium 
stockpiled from earlier-generation reactors. The designs will also allow the 
formation of hydrogen fuel from water. Furthermore, these reactors can be built 
as small modular units that generate between 150 and 600 megawatts of power 
rather than the 1500 megawatts that is the usual output of today“s reactors. 
Smaller reactors are easier to manage and can be used in tandem to build a 
øenerating capacity suited to the community being served. The Generation IV 
International Forum aims to have Generation IV power plants operating within 
the next decade. 

The benefits of fission power are plentiful electricity, conservation of the many 
billions of tons of fossil fuels that every year are literally turned to heat and smoke 
(and ïn the long run may be far more precious as sources of organic molecules 
than as sources of heat), and the elimination of the megatons of sulfur oxides and 
other poisons that are put into the air each year by the burning of these fossil fuels. 


Tower for condensing 
water from steam turbine 


Containment building 
for nuclear reactor 
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CO NCETPTCHECK 


A 52-kilogram ball of uranium-235 has critical mass, but the same ball 
broken up into small chunks does not. Explain. 


CHECK YOUR ANSWER The small chunks have more combined surface area 
than the ball from which they came. Neutrons escape via the surface of each small 
chunk before a sustainedl chain reaction can build up. 


8 The Mass-Eneroy Relationship: E = mcF 


EXPLAIN THIS 
Why does it get easier to pull nucleons away from nuclei heavier than iron? 


Clearly, a lot of energy comes from every gram of nuclear fuel when it under- 
goes fission. What is the source of this energy? As we will see, it comes from 
nucleons losing mass as they undergo nuclear reactions. 

In the early 1900s, Albert Einstein discovered that mass is actually “con- 
gealed” energy. Mass and energy are two sides of the same coin, as stated in 
his celebrated equation, E = 7c”. In this equation, E stands for the energy 
contained by any mass when at rest, 7 stands for mass, and c is the speed of 
light. This relationship between energy and mass is the key to understanding 
why and how energy is released in nuclear reactions. 

How easy mipht it be to pull a nucleon out of a nucleus? (Remember, 
“nucleon” is the generic name for either a proton or a neutron.) To do this, 
you would have to fipht against the strong nuclear force, which holds the 
nucleon to the nucleus. So a lot of energy would be required to pull this 
nucleon out of the nucleus. What we learn from Einstein“s equation is that 
the energy you put in to pull the nucleon out is not lost. Instead, this energy 
1s absorbed by the nucleon, which thus becomes more massive as you pull 
1t out. For example, if the mass of the nucleon were 1.00000 while in the 
nucleus, its mass might be a slightly greater 1.00728 after it has been pulled 
out of the nucleus. The energy you put into pulling the nucleon out was 
converted into mass. Energy and mass are two sides of the same coin. In other 
Wwords, energy can become mass and mass can become energy as dictated by 
the equation E = 1c. 

So the mass of a nucleon depends upon where it is. In general, a nucleon”s 
mass is øreatest when it is free by itself outside of the nucleus. The nucleon/s 
mass is smallest when it is tightly bound within the nucleus. 

Not all nuclei, however, are the same. In one nucleus, for example, a 
nucleon might find itself more tightly bound than in another. The mass of the 
nucleon, therefore, also depends upon which nucleus it is in. As illustrated in 
the graph of Figure 27, a nucleon has its greatest mass when ¡in the hydrogen 
nucleus and its smallest mass when in the iron nucleus. The mass of a nucleon 
then gradually increases as it enters heavier nuclei, such as that of uranium. 


CÔNG EPITCHECK 


A nucleon has the least mass when in an iron nucleus. Does this mean that 
¡t is relatively easy to pull a nucleon out of an iron nucleus? 


CHECK YOUR ANSWER Nol Just the opposite. The nucleon has the least mass 
when ïn an iron nucleus because that is where ït is most tightly bound. To pull the nucle- 
on from the iron nucleus would be mụuch harder than pulling it from any other nucleus. 


&@ FORYOUR 
INFORMATION 


Sustainable fission chain reactions are 


a prime source of heat found within 


Earth“s core, which is to say that Earth 


itself is a planetary-sized nuclear 
reactor. Know nukes before you say 
“No nukes”I 


LEARNING OBJECTIV 


Show how the mass of a nucleon 
depends upon the identity of the 


nucleus within which ït is contained. 


"m-::..‹ 


What do the symbols represent in the 
equation E = mc? 
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) Figure 27 

This graph shows that the average mass 
of a nucleon depends on which nucleus it 
is in. A nucleon has the most mass when 
in the lightest (hydrogen) nucleus. The 
nucleon has its least mass when in an iron 
nucleus and an intermediate mass when in 
the heaviest (uranium) nucleus. 


) Figure 28 

The mass of each nucleon in a uranium 
nucleus is greater than the mass of each 
nucleon in any one of its nuclear fission 
fragments. This lost mass is mass that has 
been transformed into energy, which is 
why nuclear fission is an energy-releasing 
process. 


164 


The Atomic Nucleus 


Mass per nucleon —> 


H Fe U 
Atomic number ——> 


The graph of Eigure 27 is the key to understanding the energy released in 
nuclear processes. Uranium, being toward the right hand side of the graph, 
is shown to have a relatively large amount of mass per nucleon. When the 
uranium nucleus splits in half, however, smaller nuclei of lower atomic 
numbers are formed. As shown in Figure 28, these nuclei are lower on the 
graph than uranium, which means that they have a smaller amount of mass 
per nucleon. Thus, nucleons lose mass in their transition from beïng in a 
uranium nucleus to beiïng in one of its fragments. When this decrease in mass 1s 
multiplied by the speed of light squared (c? in Einstein's equation), the product 
is equal to the energy yielded by each uranium nucleus as it undergoes fission. 

Interestingly, Einsteins mass-energy relationship applies to chemical 
reactions as well as to nuclear reactons. For nuclear reactions, the energies 
involved are so great that the change in mass is measurable, corresponding to 
about 1 part in 1000. In chemical reactions, the energy involved is so small that 
the change in mass, about 1 part in 1,000,000,000, is not detectable. This is why 
the law of mass conservation is best stated as follows: there is no đefectable change 
in the total mass of materials as they chemically react to form new materials. In 
truth, there are changes in the mass of atoms during a chemical reaction. These 
changes, however, are too small to be of any concern to the working chemist. 
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1Ú MỤC El ñGHECKkK 


Correct the following incorrect statement: when a heavy element such as 
uranium undergoes fission, there are fewer nucleons after the reaction 
than before. 


CHECK YOUR ANSWER Whan a heavy element such as uranium undergoes fis- 
sion, there aren't fewer nucleons after the reaction. Instead, the combined mass of the 
nucleons is less than was originally the case. 


We can think of the mass-per-nucleon graph as an energy valley that starts 
at hydrogen (the highest point) and slopes steeply to iron (the lowest point), 
then slopes gradually up to uranium. lron ¡s at the bottom of the energy valley 
and has the most stable nucleus. It also has the most tightly bound nucleus; 
more energy per nucleon is required to separate nucleons from iron“s nucleus 
than from any other elementfs nucleus. 

All nuclear power today is produced by nuclear fission. A more promising 
long-range source of energy is to be found on the left side of the energy valley, 
in a process known as nuclear fusion. 


Ø9 Nuclear Fusion—The Combining of Atomic Nudlei 


EXPLAIN THIS 


How does the energy of gasoline come from nuclear fusion? 


In the graphs of Eigures 27 and 28, we see that the steepest part of the energy val- 
ley goes from hydrogen to iron. Energy is gained by the nucleons as light nuclei 
combine. This combining of nuclei is called nuclear fusion, and it is the opposite 
of nuclear fission. We can see from Figure 29 that as we move along the list of 
elements from hydrogen to iron, the average mass per nucleon decreases. Thus, 
when two small nuclei fuse—for example, a pair of hydrogen isotopes—the mass 
of the resulting helium nucleus is less than the mass of the two small nuclei before 
fusion. The mass difference ¡s released in the form of energy (Figure 30). 


Nucleon in hydrogen-2 nucleus 
has more mass 


@- - 
@- 


Nucleon in helium-4 nucleus 
has less mass 


$@› —* 


Mass per nucleon ——> 


Atomic number ——> 


LEARNING OBJECTIVE 


Describe the process by which 
small nuclei can join together, 
leading to the production of 
energy, such as occurs in the Sun. 


1... 


How does the mass of a pair of 
hydrogen isotopes about to fuse 
compare with the mass of the resulting 
helium nucleus? 


4 Figure 29 

The mass of each nucleon in a hydrogen-2 
nucleus is greater than the mass of each 
nucleon in a helium-4 nucleus, which 
results from the fusion of two hydrogen-2 
nuclei. This lost mass is mass that has been 
converted to energy, which is why nuclear 
fusion is a process that releases energy. 
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) Figure 30 

The mass of a nucleus is not equal to the 
sum of the mass of its parts. (a) The fission 
†ragments of a uranium nucleus are less 
massive than the uranium nucleus. (b) Two 
protons and two neutrons are more mas- 
sive in their free states than when they are 
combined to form a helium nucleus. Can 
you relate this to the graphs of Figure 28 
and 29? 


CHEMICAL 
CONNECTIONS 


How are the atoms of your 
body connected to sunlight? 


^ Figure 31 

Thermonuclear fusion takes place in stars, 
such as the Sun. Some day, humans may 
produce vast quantities of energy through 
thermonuclear fusion, as the stars have 
always done. 
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(a) (b) 


For a fusion reaction to occur, the nuclei must collide at a very high speed 
in order to overcome their mutual electric repulsion. The required speeds cor- 
respond to the extremely high temperatures found in the Sun and other stars. 
Fusion brought about by high temperatures is called thermonuclear fusion. In 
the high temperatures of the Sun, approximately 657 million tons of hydrogen 
1s converted into 653 million tons of helium each second. The missing 4 million 
tons of mass is converted to energy—a tiny bit of which reaches our planet as 
sunshine. So thermonuclear fusion is the energy source of our sun, which is, in 
turn, the ultimate energy source of life on Earth (Figure 31). 

Such reactions are, quite literally, nuclear burning. Thermonuclear fusion is 
analogous to ordinary chemical combustion. In both chemical and nuclear burn- 
¡ng, a hiph temperature starts the reaction; the release of energy by the reaction 
maintains a hipgh enough temperature to spread the fire. The net result of the 
chemical reaction is the combination of atoms into more tightly bound molecules. 
In nuclear fusion reactions, the net result is more tightly bound nuclei. In both 
cases, mass decreases as the corresponding amount of energy is released. 


€ONCGEPTCHE€CK 


a. Fission and fusion are opposite processes, yet each releases energy. 
lsn't this contradictory? 

b. To get a release of nuclear energy from the element iron, should iron 
undergo fission or fusion? 


CHECK YOUR ANSWERS 


a. No, no, nol This is contradictory only if the same elemert is said to release energy 
by both fission and fusion. Only the fusion of light elements and the fission of heavy 
elements result in a decrease in nucleon mass and  a release of energy. 

b. Neither, because iron ¡s at the very bottom of the “eneroy valley.“ Fusing a pair 
of iron nuclei produces an element to the right of iron on the curve, in which the 
mass per nucleon is higher. lf you split an iron nucleus, the products will lie to the 
left of iron on the curve and again have a higher mass per nucleon. So no energy is 
released. For energy release, “decrease mass” is the name of the game——any game, 
chemical or nuclear. 


Prior to the development of the atomic bomb, the temperatures required 
to initiate nuclear fusion on Earth were unattainable. When researchers found 
that the temperature inside an exploding atomic bomb is four to five times the 
temperature at the center of the Sun, the thermonuclear bomb was but a step 
away. This first thermonuclear bomb, a hydrogen bomb, was detonated in 1952. 
'Whereas the critical mass of fissionable material limits the size of a fission bomb 
(atomic bomb), no such limit is imposed on a fusion bomb (thermonuclear, or 
hydrogen, bomb). Just as there is no limit to the size of an oil-storage depot, 
there is no theoretical limit to the size of a fusion bomb. Like the oil in the 
storage depot, any amount of fusion fuel can be stored with safety tuntil ignited. 
Although a mere match can ignite an oil depot, nothing less energetic than an 
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atomic bomb can ignite a thermonuclear bomb. We can see that there is no such 
thing as a “baby” hydrogen bomb. A typical thermonuclear bomb stockpiled 
by the Dnited States today, for example, is about 1000 times more destructive 
than the atomic bomb detonated over Hiroshima at the end of World War II. 

The hydrogen bormb is another example of a discovery used for destructive 
rather than constructive purposes. The potential constructive possibility is the 
controlled release of vast amounts of clean energy. 


Controlling Fusion 


Carrying out fusion reactions under controlled conditions requires tempera- 
tures of millions of degrees. There are a variety of techniques for attaining high 
temperatures. No matter how the temperature is produced, a problem 1s that 
all materials melt and vaporize at the temperatures required for fusion. One 
solution to this problem is to confine the reaction in a nonmaterial container. 

A nonmaterial container is a magnetic field, which can exist at any temper- 
ature and can exert powerful forces on charged particles in motion. “Magnetic 
walls” of sufficient strength provide a kind of magnetic straiftjacket for hot 
ionized gases called pl4smras. Magnetic compression further heats the plasma 
to fusion temperature. 

Although there are no nuclear fusion power plants currently in operation, an 
international project now exists whose goal 1s to prove the feasibility of nuclear 
fusion power ¡in the near future. This fusion power project is the International 
Thermonuclear Experimental Reactor (TTER). After construction at the chosen 
site in Cadarache, France, the first sustainable fusion reaction may begin as early 
as 2015 (Figure 32). The reactor will house electrically charged hydrogen gas 
(plasma) heated to over 100 million degrees Celsius, which ¡is hotter than the 
center of the Sun. In addition to producing about 500 MW of power, the reactor 
could be the energy source for the creation of hydrogen, H„„ which could be used 
to power fuel cells. 

If people are one day to dart about the universe in the same way we jet 
about the Earth today, their supply of fuel is assured. The fuel for fusion— 
hydrogen—is found in every part of the universe, not only in the stars but also 
in the space between them. About 90 percent of the atoms in the universe are 
estimated to be hydrogen. For people of the future, the supply of raw materials 
1s also assured, because all the elements known to exist result from the fusing 
of more and more hydrogen nuclei. Future humans might synthesize their own 
elements and produce energy in the process, just as the stars have always done. 


FORYOUR 


&@ INFORMATION 


Elements are created in stars as 
smaller nuclei fuse to form larger 
nuclei. Thỉs process is energy 
releasing only up to iron. The 
manufacture of elements heavier 
than iron cannot be sustained within 
a shining star. So where do heavier 
elements, such as gold, come from? 
The final stage of certain very large 
stars involves a mighty collapse, 
called a supernova. The energy of 

a supernova can outshine an entire 
galaxy, and it is this energy that 
makes the heavier-than-iron elements. 
The gold atoms in your jewelry were 
created using the abundant energy of 
a supernova that exploded very long 
ago, likely in a galaxy very far away. 


4 Figure 32 

A cross-sectional view of the [TER (rhymes 
with “fitter“) planned to be built and oper- 
ating in Cadarache, France, before 2020. 
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Chapter RCeVICW 


LEARNING OBJECTIVES 


ldentify three forms of radioactivity andl their effects on 
living tissue. (1) 


= Ouestions 1, 2, 33, 37, 38 


Identify the natural sources, the units, and the applications of 


radioactivity. (2) 


=ä Ouestions 3-5, 28, 34, 39, 40, 7é 


Describe how the strong nuclear force acts to hold nucleons 


together in the atomic nucleus. (3) 


Name the isotope that results from a series of alpha and 


beta decays. (4) 


Recognize how a radioactive element can be identified by 


the rate at which it decays. (5) 


= Ouestions ó-8, 41-43 


— Ouestions 9-11, 32, 44-49 


Ouestions 12, 13, 2ó, 27, 29-31, 
—> 35, 50-52, 79 


Review how the age of ancient artifacts can be determined 


by measuring the amounts of remaining radioactivity 
they contain. (ó) 


= Ouestions 14-1ó, 53—-5ó 


Describe the process by which large atomic nuclei can split 


in half leading to the production of energy. (7) 


— Ouestions 17—19, 57-é0, 75, 78, 80 


Show how the mass of a nucleon depends upon the identity 


of the nucleus within which it is contained. (8) 


— Ouestions 20-22, ó1-ó5 


Describe the process by which small nuclei can join together 


leading to the production of energy, such as occurs in 
the Sun. (9) 


SUMMARY OF TERMS 


Alpha particle A subatomic particle consisting of the combina- 
tion of two protons and two neutrons ejected by a radio- 
active nucleus. The composition of an alpha particle is the 
same as that of the nucleus of a helium atom. 


Beta particle An electron emitted during the radioactive decay 
of a radioactive nucleus. 

Carbon-14 dating The process of estimating the age of once- 
living material by measuring the amount of radioactive 
carbon-14 present in the material. 

Chain reaction A self-sustaining reaction in which the prod- 
ucts of one reaction event initiate further reaction events. 

Critical mass The minimum mass o£ fissionable material 
needed for a sustainable chaïn reaction. 

Gamma rays High-frequency electromagnetic radiation 
emitted by radioactive nuclei. 

Half-life The time required for half the atoms in a sample of a 
radioactive isotope to decay. 

Nuclear fission The splitting of the atomic nucleus into two 
smaller halves. 
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— Ouestions 23-25, 3ó, óó-74, 77 


Nuclear fusion The combining of nuclei of light atoms to form 
heavier nuclei. 


Radioactive Material containing nuclei that are unstable 
because of a less than optimal balance in the number of 
neutrons and protons. 


Radioactivity The high-energy particles and electromagnetic 
radiation emitted by a radioactive substance. 

Rem A unit for measuring the ability of radiation to harm 
living tissue. 

Strong nuclear force The attractive force between all nucleons, 
effective only at very short distances. 

Thermonuclear fusion Nuclear fusion brought about by hiph 
temperatures. 

Transmutation The changing of an atomic nucleus of one 
element into an atomic nucleus of another element 
through a decrease or increase in the number of protons. 
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READING CHECK OUESTIONS (COMPREHENSION) 


1 Radioactivity Results from Unstable Nuclei 


6 lsotopic Dating Measures the Ages of Materials 


1. Which type of radiation--alpha, beta, or gamma—results 
in the greatest change in mass number? The greatest 
change in atomic number? 

2. Which of the three rays—alpha, beta, or gamma—has the 
8reatest penetrating power? 


2 Radioactivity ls a Natural Phenomenon 


3. What is the origin of most o£ the natural radiation we 
encounter? 


4. Which produces more radioactivity in the atmosphere, 
coal-fired power plants or nuclear power plants? 


5. Is radioactivity on the Earth something relatively new? 
Defend your answer. 


3 Radioactivity Results from an Imbalance of Forces 


ó. Why doesn't the repulsive electric force of protons in the 
atomic nucleus cause the protons to fly apart? 


7. Which have more neutrons than protons, large nuclel or 
small nuclei? 


8. What role do neutrons play in the atomic nucleus? 


4 Radioactive Elements Transmute to Different 
Elements 


9. In what form is most of the energy released by atomic 
transmutation? 


10. What change in atomic number occurs when a nucleus 
emits an alpha particle? A beta particle? 


11. What ¡s the long-range fate of all the uranium that exists 
in the world today? 


5 The Shorter the Half-Life, the Greater the 
Radioactivity 


12. What is meant by the half-life of a radioactive sample? 
13. What ¡s the half-life of uranium-238? 


14. What happens to a nitrogen atom in the atmosphere that 
captures a neutron? 


15. Why is there more carbon-14 in living bones than in once- 
living ancient bones of the same mass? 


1ó. Uranium-238 ultimately decays into what isotope of lead? 


7 Nuclear Fission—The Splitting of 
Atomic Nuclei 


17. What happens to the uranium-235 nucleus when it is 
stretched out? 

18. Is a chain reaction more likely to occur in two sepa- 
rate pieces of uranium-235 or in the same pieces stuck 
topether? 


19. How is a nuclear reactor similar to a conventional fossil- 
fuel power plant? How 1s it different? 


8 The Mass-Energy Relationship: E = mc7 


20. Who discovered that energy and mass are two different 
forms of the same thing? 

21. In which atomic nucleus do nucleons have the least mass? 

22. How does the mass per nucleon in uranium compare 
with the mass per nucleon in the fission frayments 
Of uranium? 


9 Nuclear Fusion—The Combining of 
Atomic Nudlei 


23. How does the mass of a pair of atoms that have fused 
compare to the sum of their masses before fusion? 


24. What kind of containers is used to contain plasmas at 
temperatures of millions of degrees? 


25. What kind of nuclear power 1s responsible for sunshine? 


CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


2ó. Throw ten coins onto a flat surface. Remove all the 
co¡ins that landed tails-up. Collect the remaining coïns. 
After tossing them once again, remove all coins landing 
tails-up. 
Repeat this process until all the coins have been removed. 
Can you see how this relates to radioactive half-life? In 
units of “tosses,“ what is the average half-life of 25 coins? 
50 coins? 1 million coins? 


27. Repeat the preceding exercise, but use 10 dimes and 
25 pennies. Let the dimes represent a radioactive 
isotope, such as carbon-14, and the pennies represent 
a nonradioactive isotope, such as carbon-12. Remove 
only the dimes when they land heads-up. Collect all the 


pennies and add them to the dimes that were heads-up. 
Ouestions: Does the number of pennies affect the 
behavior of the dimes? Someone øives you two sets Of 
coins. The first set contains 10 dimes and 25 pennies. The 
second set contains 2 dimes and 25 pennies. Which set 
Of coins has gone through a greater number of tosses? 
Which set provides the most “radioactivity” after a single 
toss? Which set is analogous to a sample of once-living 
ancient material? 

28. Calculate your estimated annual dose of radiation 
using the EPA“s radiation dose calculator available at 
http:/ /epa.gov/rpdweb00/understand /calculate.html. 
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THINK AND SOLVE (MATHEMATICAL APPLICATION) 


29. Radiation from a point source follows an inverse-square 
law where the amount of radiation received is propOr- 
tional to 1/42, where đ is distance. If a Geiger counter that 
is 1 meter away from a small source reads 100 counts per 
minute, what will be its reading 2 meters from the source? 
3 meters from it? 


30. Consider a radioactive sample with a half-life of one week. 
How much of the original sample will be left at the end of 
the second week? The third week? The fourth week? 


THINK AND COMPARE (ANALYSIS) 


33. Rank these three types of radiation by their ability to pen- 
etrate this page of your text, from highest to lowest: 
a. Alpha particle 
b. Beta particle 
c. Gamma ray 
34. Consider the following atoms: C-12; C-14; N-14. From 
greatest to least, rank them by the number of 
a. protons in the nucleus. 
b. neutrons in the nucleus. 
c. nucleons in the nucleus. 


THINK AND EXPLAIN (SYNTHESIS) 


1 Radioactivity Results from Unstable Nuclei 


37. Just after an alpha particle leaves the nucleus, would you 
expect it to speed up? Defend your answer. 


38. When food is irradiated with gamma rays from a 
cobalt-60 source, does the food become radioactive? 
Defend your answer. 


2 Radioactivity ls a Natural Phenomenon 


39. People who work around radioactivity wear film badges 
to monitor the amount of radiation that reaches their 
bodies. Each badge consists of a small piece of photo- 
graphic film enclosed in a lightproof wrapper. What kind 
of radiation do these devices monitor, and how can they 
determine the amount of radiation the people receive? 


40. In Hawaii, on the island of Oahu, it takes about 25 years 
for the rain that lands on the mountain tops to seep 
downward and reach the water table. How is it that this 
information was obtained from the above-ground testing 
of nuclear bombs in the South Pacific? 


3 Radioactivity Results from an Imbalance of Forces 


41. A païr of protons in an atomic nucleus repels each other, 
but the protons are also attracted to each other. Explain. 
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31. A radioisotope is placed near a radiation detector, which 
registers 80 counts per second. Eight hours later, the 
detector registers 5 counts per second. What ¡s the half-life 
of the radioactive isotope? 


32. Uranium-238 absorbs a neutron and then emits a 
beta particle. Show that the resulting nucleus is 
neptunium-239. 


35. Rank the following isotopes in order of their radioactivity 
starting with the most radioactive isotope to the least 
radioactive isotope. 

a. Nickel-59, half-life 75,000 years 
b. Uranium-238, half-life 4.5 billion years 
c. Actinium-225, half-life 10 days 

3ó. Rank the following in order of the most energy released to 
the least energy released. 

a. Uranium-235 splitting into two equal fragments 
b. Uranium-235 splitting into three equal frayments 
c. Uranium-235 splitting into 92 equal fragments 


42. In bombarding atomic nuclei with proton “bullets,“ why 
must the protons be given large amounts of kinetic energy 
in order to make contact with the target nuclei? 

43. Without the strong nuclear force, would the periodic table 
be the same, less complicated, or more complicated? 


4 Radioactive Elements Transmute to 
Different Elements 


44. Why do different isotopes of the same element have the 
same chemical properties? 


45. Why ¡s lead found ¡in all deposits of uranium ores? 


4ó. What does the proportion of lead and uranium in rock tell 
us about the age of the rock? 


47. What are the atomic number and atomic mass of the 
element formed when ;„?!#Po emits a beta particle? What 
are they if the polonium emits an alpha particle? 


48. Elements heavier than uranium ïn the periodic table do 
not exist in any appreciable amounts in nature because 
they have short half-lives. Yet there are several elements 
below uranium in the table that have equally short half- 
lives but do exist in appreciable amounts in nature. How 
can you account for this? 
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49. “Strontium-90 is a pure beta source.“ How could a 
chemist test this statemenf? 


5 The Shorter the Half-Life, the Greater the 
Radioactivity 


50. Radium-226 is a common isotope on Earth, but has a half- 
life of about 1620 years. Given that Earth is some 5 bil- 
lions years old, why ¡s there any radium at all? 


S1. The original reactor built in 1942 was just “barely“ 
critical because the natural uranium that was used con- 
tained less than 1 percent of the fissionable isotope U-235 
(half life 713 million years). What ¡f, in 1942, the Earth had 
been 9 billion years old instead of 4.5 billion years old? 
Would this reactor have reached critical stage with natural 
uranium? 


52. How is a smoke dectector similar to a Geiger counter? 


6 lsotopic Dating Measures the Ages of Materials 


53. Is carbon dating advisable for measuring the age of 
materials a few years old? How about a few thousand 
years old? A few million years old? 


54. Why ¡s carbon-14 dating not accurate for estimating the 
age of materials more than 50,000 years old? 


55. The age of the Dead Sea Scrolls was determined by 
carbon-14 dating. Could this technique have worked if 
they had been carved on stone tablets? Explain. 

Só. If you make an account of 1000 people born in the year 
2000 and find that half of them are still living in 2060, 
does this mean that one-quarter o£ them will be alive in 
2120 and one-eighth of them alive in 2180? What is differ- 
ent about the death rates of people and the “death rates” 
Of radioactive atoms? 


7 Nuclear Fission—The Splitting of Atomic Nudlei 


57. The uranium ores of the Athabasca Basin deposits of 
Saskatchewan, Canada, are unusualÌy pure, containing up 
to 70 percent uranium oxides. Why doesnít this uranium 
ore undergo an explosive chain reaction? 


58. Why will nuclear fission probably never be used directly for 
powering automobiles? How could it be used indirectly? 


59. Why is carbon better than lead as a moderator in nuclear 
Teactors? 


ó0. Uranium-235 releases an average of 2.5 neutrons per 
fission, while plutonium-239 releases an average of 2.7 
neutrons per fission. Which of these elements might you 
therefore expect to have the smaller critical mass? 


THINK AND DISCUSS (EVALUATION) 


75. The 1986 accident at Chernoby], in which dozens of people 
đied and thousands more were exposed to cancer-causing 
radiation, created fear and outrage worldwide and led 
some people to call for the closing of all nuclear plants. Yet 
many people choose to smoke cigarettes in spite of the fact 
that 2 million people die every year from smoking-related 
diseases. The risks posed by nuclear power plants are 
involuntary risks we must all share like it or not, whereas 


8 The Mass-Energy Relationship: E = mc2 


ó1. 


62. 


63. 


64. 


65. 


How does the mass per nucleon in uranium compare with 
the mass per nucleon in the fission fragments of uranium? 


Why does iron not yield energy if it undergoes fusion or 
fission? 

'Which process would release energy from gold, fission or 
fusion? From carbon? From iron? 


Tí a uranium nucleus were to fission into three fragments 
Of approximately equal size instead of two, would more 
energy or less energy be released? Defend your answer 
using Figure 28. 

Ts the mass of an atomic nucleus greater or less than the 


sum of the masses of the nucleons composing it? Why 
don/t the nucleon masses add up to the total nuclear mass? 


9 Nuclear Fusion—The Combining of Atomic Nuclei 


6ó. 


67. 


68. 


69. 


70. 


71 


7725 


73. 


74. 


76. 


Heavy nuclei can be made to fuse—for instance, by 
firing one gold nucleus at another one. Does such a 
process yield energy or cost energy? Explain. 


Which produces more energy, the fission of a single 
uranium nucleus or the fusing of a pair of deuterium 
nuclei? The fission of a gram of uranium or the fusing of a 
gram of deuterium? (Why do your answers differ?) 


TÍ a fusion reaction produces no appreciable radioactive 
isotopes, why does a hydrogen bomb produce significant 
radioactive fallout? 


Explain how radioactive decay has always warmed the 
Earth from the inside and how nuclear fusion has always 
warmed the Earth from the outside. 

What percentage of nuclear power plants in operation 
tođay are based upon nuclear fusion? 


. 5ustained nuclear fusion has yet to be achieved and 


remains a hope for abundant future energy. Yet the energy 
that has always sustained us has been the energy of 
nuclear fusion. Explain. 


Oxygen and two hydrogen atoms combine to form a 
water molecule. At the nuclear level, if one oxygen atom 
and two hydrogen atoms were fused, what element 
would be produced? 


Tí a païr of carbon nuclei were fused, and the product 
emitted a beta particle, what element would be produced? 


Ordinary hydrogen is sometimes called a perfect fuel 
because of its almost unlimited supply on Earth, and when 
1t burns, harmless water is the product of the combustion. So 
why dont we abandon fission energy and fusion energy, not 
to mention fossil-fuel energy, and just use hydrogen? 


the risks associated with smoking are voluntary because a 
person chooses to smoke. Why are we so unaccepting of 
involuntary risk but accepting of voluntary risk? 


Your friend Paul says that the helium used to inflate 
balloons is a product of radioactive decay. Your mutual 
friend Steve says no way. Then there”s your friend Alison 
who 1s fretful about living near a fission power plant. She 
wishes to get away from radiation by traveling to the high 
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mountains and sleeping out at night on granite outcrop- 
pings. Still another friend, Michele, has journeyed to the 
mountain foothills to escape the effects of radioactivity 
altogether. While bathing in the warmth of a natural hot 
spring she wonders aloud how the spring gets its heat. 
'What do you tell these friends? 

77. Speculate about some worldwide changes likely to follow 
the advent of successful fusion reactors. 

78. What should be done with the nuclear wastes from 
nuclear power plants? Some have half-lives of many 
thousands of years. Discuss possible solutions. 


READINESS ASSURANCE TEST(RAT) 


]Ƒ you haue a good handle ơn this chapter, then you should be qble to 
score at least 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
t0ui0.ConceptualChermistry.com. ]ƒ you score less tham 7, you need 
to sHudu ƒurther beƒf0Te 1100119 0H. 


Choose the BEST answer to the following. 


1. Which type of radiation from cosmic sources predominates 
on the inside of a high-flying commercial airplane: alpha, 
beta, or gamma? 


a. Alpha radiation 

b. Beta radiation 

c. Gamma radiation 

d. None of these predominates as all three are abundant. 


2. Is it at all possible for a hydrogen nucleus to emit an alpha 
particle? 


a. Yes, because alpha particles are the simplest form of 
radiation. 


b. No, because it would require the nuclear fission of 
hydrogen, which is impossible. 


c. Yes, but it does not occur very frequently. 
d. No, because it does not contain enough nucleons. 


3. A sample of radioactive material is usually a little warmer 
than its surroundings because 


a. it efficiently absorbs and releases energy from sunlight. 
b. its atoms are continually being struck by alpha and 
beta particles. 
€. itis radioactive. 
d. it emits alpha and beta particles. 
4. What evidence supports the contention that the strong 


nuclear force is stronger than the electrical interaction at 
short internuclear distances? 


a. Protons are able to exist side-by-side within an 
atomic nucleus. 


b. Neutrons spontaneously decay into protons and 
electrons. 


c. Uranium deposits are always slightly warmer than 
their immediate surroundings. 


d. The radio interference that arises adjacent to any 
radioactive source. 
5. When the isotope bismuth-213 emits an alpha particle, 
what new element results? 


a. Lead 
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79. Can radioactive wastes be heated to shorten the half-life? 

80. As described at Hanford.gov, the world“s first nuclear 
reactors dedicated to the full-scale production of pluto- 
nium were built at a facility in Hanford, WA. During its 
40 years of operation, this facility produced about how 
many tons of plutonium? Thịis allowed for the creation 
of about how many nuclear warheads? About how many 
gallons of high-level radioactive waste are presently 
stored at the Hanford site? What are the current plans for 
taking care of this radioactive waste? Were the benefits of 
the Hanford nuclear reactors worth the risks? 


b. Platinum 
c. Polonium 
d. Thallium 


ó. A certain radioactive element has a half-life of 1 hour. If 
you start with a 1-g sample of the element at noon, how 
much of this same element will be left at 3:00 PM? 


a. 0.5 prams 

b. 0.25 grams 
c. 0.125 prams 
d. 0.0625 prams 


7. The isotope Cesium-137, which has a half-life of 30 years, is 
a product of nuclear power plants. How long wIll it take for 
this isotope to decay to about one-half its original amount? 


. 0 years 

. 15 years 
30 years 
. 60 years 


0o ơ”% 


. 90 years 


8. lfuranium were to split into 92 pieces of equal size instead 
of 2, would more energy or less energy be released? 


a. Less energy would be released because of less mass 
per nucleon. 


b. Less enerey would be released because of more mass 
per nucleon. 


c. More energy would be released because of less mass 
per nucleon. 


d. More energy would be released because of more mass 
per nucleon. 


9. Which process would release energy from gold, fission or 
fusion? Erom carbon? 


a. Gold: fission; carbon: fusion 
b. Gold: fusion; carbon: fission 
c. Gold: fission; carbon: fission 
d. Gold: fusion; carbon: fusion 


10. Tf an iron nucleus split in two, ifs fission frayments would 
have 


a. more mass per nucleon. 
b. less mass per nucleon. 
c. the same mass per nucleon. 


d. either more or less mass per nucleon. 
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COonfextual ChemiStrV 


A SPOTLIGHF ON ISSUES FACING OUHR MOIDERN SOCIE TY 


Fracking for Shale Gas 


e depend greatly on fossil 
VWW to meet our energy 
needs. Three major forms 


of fossil fuels are coal, petroleum, 
and natural gas. Both coal and petro- 
leum are made of large and compli- 
cated carbon-based molecules. The 
main component of natural gas, by 
contrast, is methane, CH¿, which 
is a structurally simple molecule. 
Traditionally, coal and petroleum 
have been mụuch more accessible 
¡in large quantities than natural gas. 
A prime reason for this is because 
much of the worlds natural gas 
remains trapped miles beneath the 
surface within a type of rock known 
as shale. 

Two recent technological 
advances are now allowing access 
to this otherwise dlifficult to reach 
natural gas, also called shale gas. 
The first is our ability to drill very 
deep and then sideways. This is 
important because shale deposits 
are laid down horizontally. As shown 
in the accompanying image, drill- 
ing sideways maximizes the surface 
area of the shale within reach of the 
bore hole. The second advance ¡is 
the process of hydraulic fracturing, 
also known as fracking, in which 
channels are punched into the shale 
using a powerful explosive. A slurry 
of water and sand with a smaill 
amount of other chemicals, such as 
anticorrosion agents and lubricants, 
is then ¡injected into these chan- 
nels. This slurry is known as fracking 
fluid. Under high pressure, this 
fluid expands into natural cracks, 
which remain open as grains of sand 
become lodged within them. After 
the fracking fluid ¡is removed, large 
volumes of natural gas, which ¡is 
lighter than air, escape through the 
cracks and rise to the surface, where 
the gas is piped to a storage facility 
for future use. 


Production 
well 


Millions of gallons of water are 
used to frack a single well—typically 
5 to 15 million gallons, and as much 
as 400 million gallons for the largest 
wells. The usedl fracking fluid is toxic 
and requires special methods of dis- 
posal. Regulations for this disposal, 
however, vary from state to state. 
Some states permit local municipal 
water treatment facilities to accept 
fracking fluid. In states with more 
stringent regulations, additional 
wells are driled deep below the 
local water table. The used fracking 
fluid is pumped to the bottom of 
these wells where it is pushed into 
the ground. 


Private well 


Shale fractures 


^  Shale deposits are thousands of feet deep and usually only about 100 feet thick, so the 
most efficient access is provided by horizontal drilling. Natural cracks in the shale contain large 
amounts of natural gas. These cracks are forced open by high-pressure fracking fluid. 


There ¡is currently a “gold rush” 
for shale gas, with thousands of 
new wells being drilled every 
year (see accompanying figure). 
Notably, about 30 percent of the 
U.S. natural gas supply now comes 
from fracking operations. This is up 
from about zero percent over the 
past decade and is soon expected 
to reach 50 percent. Hundreds 
of thousands of jobs have since 
been created either directly or 
indirectly from this new industry. 
Furthermore, land owners are prof- 
iting from fees and royalties paid 
to them by companies who estab- 
lish wells on their property. With 
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Confextual ChemìiSfrV (continued) 


Shale gas, lower 48 states 


Barnett- 
Woodford 


Basins 

Shale plays Stacked plays 

—_ Current plays 

[li Prospective plays 
— Deepest/oldest 


Michigan ^^ 
Basin 


— Shallowest/youngest 


Detnnian Appalachian 


(Ohio) Basin 
2À ~% Utica 


Y 


(—x „⁄ Tuscaloosa 


Haynesville- 


Bossier 


— lntermediate depth/age 


^ Fracking technology was first developed in the Barnett shale on the property of the 
Dallas-Fort Worth International Airport. The richest gas-bearing shale in the United States is 
the Marcellus formation, centered over western Pennsylvania. 


fracking technology, the United 
States in 2009 surpassed Russia to 
become the worlds leading pro- 
ducer of natural gas. 

In addition to economic benefits, 
there are also potential environmen- 
tai benefits to increased produc- 
tiỏón of natural gas. Most of the 
electricity produced ¡in the United 
States comes from the burning of 
coal, which generates large amounts 
of pollutants, such as particulates, 
mercury, sulfur dioxides, and carbon 
dioxide. Natural gas, however, burns 
with much greater efficiency while 
generatng far fewer pollutants 
—the output of carbon dioxide, 
for example, ¡is about half that of 
coal. Although shale gas is not the 
ideal envionmentally friendly fuel, 
its developmernt is seen by many in 
the industry as a responsible way to 
supply our energy needs for decades 
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while other more sustainable energy 
technologies, such as solar energy, 
are developed. 

Fracking technology, however, 
also ¡involves significant environ- 
mental risks. Foremost is the issue 
of dealing with the large volumes of 
used fracking fluid. This fluid ¡is usu- 
ally stored in pools adjacent to the 
well before being shipped by truck 
to a disposal site. At each of these 
stages there ¡is the potential for an 
accidental spill of the fluid into the 
environment. Furthermore, if the 
upper portions of the well are not 
properly ¡nstalled, the used frack- 
¡ng fluid coming up the well could 
potentially seep ¡nto the water 
table, ruining local water supplies. 
The toxins that could be released 
include not only cancer-causing 
agents within the fluid formula but 
also toxic materials coming directly 


from the shale, such as heavy met- 
als and hydrocarbons, as well as 
unhealthy concentrations of radio- 
active radium-226. 

An added risk ¡is gas leakage. 
Consider that as natural gas moves 
†rom the well to where it is used, 
about 2 to ó percent of this gas 
leaks directly into the atmosphere. 
Methane itself ¡is about 70 times 
more potent a greenhouse gas than 
is carbon dioxide. Because meth- 
ane reacts with oxygen, however, 
it resides in the atmosphere for 
only about 10 years before ¡ït ¡is 
transformed into carbon dioxide. By 
some estimates, when well leakage 
is taken into account, the burning 
of shale gas for generating electric- 
ity actually contributes more to the 
global greenhouse effect than does 
the burning of coal. 

In addition, there have been 
highly publicized instances in which 
people who live near a fracking 
well find methane ¡in their water 
supply—so mụch that their water 
burns when lit with a match. The 
water supply in many areas naturally 
contains methane, which, though 
nonpoisonous, ¡is highly combus- 
tible, so these instances may not 
be connected to fracking opera- 
tions. In 2011, however, scientists at 
Duke University published a peer- 
reviewed study showing a strong 
correlaton between flammable 
drinking water and distance from 
a fracking well. Although fracking 
occurs miles underground, this study 
suggests that the released methane 
may still reach the surface water 
table either by migrating up less 
than perfect well encasings or by 
migrating through geologic faults. 

For people who live in areas of 
active dhrilling there are other con- 
cerns. A scenic rural area, for exam- 
ple, may be transformed into a zone 
of heavy industrial activity featuring 
tall drilling towers. Also, the truck 


trafic around an active dhrilling area 
is intense, causing damage to roads 
and creating much noise pollution 
that can at times run 24/7. Fracking 
for shale gas may benefit the nation 
as a whole, but that might not matter 
much to you if the fracking is happen- 
¡ng right in your neighbor's backyard. 

There are strong social, economic, 
and political pressures for the contin- 
ued exploitation of shale gas. There 
is also a general agreement that 
“best practices” need to be devel- 
oped and enforced so as to safe- 
guard against risks. The specifics of 
how to regulate this nascent industry, 
however, have yet to be determined. 


CONCEPTCHECK 


What is the purpose of the sand 
within a fracturing fluid? 


CHECK YOUR ANSWER The 
high pressure water opens up 
natural cracks within the shale. 
The sand gets stuck within these 
cracks, preventing them from 
reclosing. This allows gas seeping 
out of the shale to make its way to 
the bore hole. 
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Think and Discuss 


1o 


Assuming a spacing of about 
1 well for every 80 acres, ¡t 
is estimated that the Marcellus 
shale of the northeastern Untied 
States could produce about 
500 trillion cubic feet (ft) of 
natural gas over the next 50 
years before being depleted. 
Currently, the United States 
consumes about 23 trillion ft3 of 
natural gas each year. Assuming 
these rates are accurate and 
dont change, for how_ many 
years could the Marcellus shale 
meet the demand for natural 
gas in the United States? 


The Safe Drinking Water Act 
of 1974 authorizes the EPA to 
regulate injection wells in order 
to protect underground sources 
of drinking water. In 2005, how- 
ever, the U.S. Congress passed 
an amendmert to this act that 
specifically exempts fracking 
operations from such regula- 
tions. Why do you suppose this 
amendment was approved? 


Why have attempts to repeal 
this amendment failed? 


. The 2005 amendment exempt- 


¡ng fracking from the Safe Water 
Drinking Act had the effect of 
shifting fracking regulations 
from the federal government 
to individual states. Why might 
states be more effective at reg- 
ulating fracking within their own 
borders? Why might the federal 
government actually be more 
effective? 


.-_ Why should corporations of the 


fracking industry be encouraged 
to get together to spell out 
their own regulations? Should 
these corporations be trusted 
to enforce these self-imposed 
regulations? 


.. The northeastern United States 


has large methane-bearing shale 
deposits buried deep under- 
ground. What other important 
resource ¡is also available in the 
northeast that bermits the extrac- 
tion of methane from this shale? 
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Solutions to Odd-Numbered Chapters Ouestions 


1. Alpha radiation decreases the atomic number of the emitting 
element by 2 and the atomic mass number by 4. Beta radiation 
increases the atomic number of an element by 1 and does not 
affect the atomic mass number. Gamma radiation does not affect 
the atomic number or the atomic mass number. So alpha radiation 
results in the greatest change in atomic number (and hence charge), 
as well as mass number. 


3. Most of the radiation we encounter is natural background 
radiation that originated in the Earth and in space. 


7. A large nucleus requires more neutrons to help overcome the 
repulsions among the many protons. 


9. Most is kinetic energy of the ejected particle, and some is the 
kinetic energy of the recoiling nucleus. 


11. All uranium will eventually decay to lead. 
13. 4.5 billion years 


15. Carbon-14 lost to decay is replenished with carbon-14 
from the atmosphere. When a living thing dies, replenish- 
ment stops and the percentage of carbon-14 decreases at a 
constant rate. 


17. An elongated uranium-235 nucleus splits in half because 
the strong nuclear force between distant nucleons quickly 
diminishes. 


19. A nuclear reactor and a fossil fuel power plant both boil 
water to produce steam for turbines. The main difference 
between them is the amount of fuel involved. Nuclear reactors 
are much more efficient—1 kilogram of uranium-235 yields 
more than 30 freight car loads of coal. 


21. Iron 


23. Less after fusion, the mass difference having been converted 
to energy. 


25. Thermonuclear fusion 


27. The number of pennies in the mix should not affect the 
activity of the dimes. The set of coins with only two dimes has 
gone through a greater number of tosses. The set with 10 dimes 
would be the more “radioactive“ substance. Remember, 
according to this simulation, radiation is emitted every time a 
dime lands heads up. The set with only two đimes is analogous 
to a sample of once-living ancient material. 


29. Intensity decreases with đistance by the inverse-square law. 
Twice the distance is one-fourth the intensity and one-fourth the 
reading. Three times as far is one-ninth the intensity and one- 
ninth the reading. 
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31. Count: Ifs decreased to 40 cps (one half-life); 20 cps (2 half- 
lives); 10 cps (3 half-lives); and 5 cps, which takes 4 half-lives. 
I 4 half-lives equals 8 hours, then a single half-life equals 
8/4 = 2hours. 


33.c,b,a 


35. c>a>b. The longer the half-life, the lower the radioactivity. 
Of these three isotopes, Ac-225 is most radioactive and U-238 is 
least radioactive. 


37. The strong nuclear force is only effective over extremely 
short distance. Once the alpha particle leaves the nucleus, its 
attraction to the nucleus by the strong nuclear force is no longer 
sipnificant. The electrical repulsion between the alpha particle 
and the protons of the nucleus, however, is still quite signifi- 
cant. This repulsive force causes the alpha particle to accelerate 
to high velocities, moving quickly away from the nucleus. Might 
the surrounding negatively charged electrons cause the alpha 
particle to slow down? Not significantly. The alpha particle is 
about 8000 times more massive than an electron. Once it begins 
moving away from the nucleus, its great mass allows it to plow 
ripht through the surrounding electrons. 


39. These film badges monitor gamma rays, which are a form 
of electromagnetic radiation (ultra-high-frequency light). The 
greater the exposure, the darker the film tipon processing. 


41. They repel by the electric force and attract each other by the 
strong nuclear force. The strong force predominates. (Tf it didn/t, 
there would be no atoms beyond hydrogen.) If the protons are 
separated to where the longer-range electric force overcomes 
the shorter-range strong force, they fly apart. 


43. Without the strong nuclear force, there would be no elements 
heavier than hydrogen, which means the periodic table would 
be much less complicated. 


45. All uranium isotopes eventually decay to lead. 5o any 
deposit of uranium ore will contain some lead that has been 
converted from uranium. 


47. After beta emission from polonium, the atomic number 
increases by 1 and becomes 85; the atomic mass is unchanged at 
218. However, if an alpha particle is emitted, the atomic number 
decreases by 2 and becomes 82 and the atomic mass decreases 
by 4and drops to 214. 


49. Tf strontium-90 (atomic number 38) emits betas, it should 
become the element yttrium (atomic number 39); hence, the 
chemist can test a sample of strontium for traces of yttrium. To 
verify that the sample is a “pure” beta emitter, the chemist can 
check to make sure it is emitting no alphas or gammas. 


The Atomic Nucleus 


51. No. U-235 (with its shorter half-life) undergoes radioactive 
decay six times faster than U-238 (half-life of 4.5 billion years), 
so natural uranium in an older Earth would contain a much 
smaller percentage of U-235, not enough for a critical reaction 
without enrichment. Conversely, in a younger Earth, natural 
uranium would contain a greater percentage of U-235 and would 
more easily sustain a chain reaction. Interestingly, there is strong 
evidence that 2 billion years ago, when the percentage of U-235 
in uranium ore was greater, a natural reactor existed in Gabon, 
West Africa. 


53. No, not a few years old. Too small a fraction of the carbon-14 
has đecayed. You couldnt tell the difference between an age of a 
few years and a few dozen or even a hundred years. To the sec- 
ond question, yes, in a few thousand years, a significant fraction 
of the carbon-14 has decayed. The method gives best results for 
ages not so very different from the half-life of the isotope. To the 
third question, no, not a few million years old. Essentially all of 
the carbon-14 will have decayed. None will be left to detect. You 
wouldnt be able to distinguish between an age of a million or 
10 million or a hundred million years. 


55. Stone tablets cannot be dated by the carbon dating tech- 
nique. Nonliving stone does not ingest carbon and transform 
that carbon by radioactive decay. Carbon dating pertains to 
Organic material. 


57. The degree of radioactivity coming from this relatively 
pure uranium ore is hiph, which makes the mining of this ore 
particularly hazardous. However, naturally occurring uranium 
contains more than 99 percent of the U-238 isotope, which does 
not undergo nuclear fission very readily. 


59. When a neutron bounces from a carbon nucleus, the nucleus 
rebounds, taking some energy away from the neutron and 
slowing it down so that it will be more effective in stimulat- 
ing fission events. A lead nucleus is so massive that it scarcely 
rebounds at all. The neutron bounces with practically no loss of 
energy and practically no change of speed (like a marble from a 
bowling ball). 


61. Mass per nucleon is greater in uranium than is the mass per 
nucleon o£ fission fragments of uranium. 


63. Energy would be released from the fissioning of gold and 
from the fusion of carbon, but by neither fission nor fusion for 
iron. Neither fission nor fusion will result in a decrease of mass 
for iron nucleons. 


65. The mass of an atomic nucleus is less than the masses of 
the separate nucleons that compose it. Ône way to see why is 
to think about the work that must be done to separate a nucleus 
into its component nucleons. This work, according to E = mc?, 
adds mass to the system; so the separated nucleons are more 
massive than the nucleus from which they came. Notice the 
large mass per nucleon of hydrogen in the graph of Eigure 29. 
The hydrogen nucleus, a single proton, is already “outside” in 
the sense that it is not bound to other nucleons. 


67. Although more energy is released in the fission of a single 
uranium nucleus than in the fusing of a pair of deuterium 
nuclei, the much greater number of lighter deuterium atoms in 
1 gram of matter compared to the smaller number of heavier 
uranium atoms in 1 gram of matter results in more energy being 
liberated per gram for the fusion of deuterium. 


69. The radioactive decay of radioactive elements found 
under the Earth/“s surface warms the insides of the Earth and 
1s responsible for the molten lava that spews from volcanoes. 
The thermonuclear fusion of our sun is responsible for warming 
everything on our planet/s surface exposed to the Sun. 


71. Energy from the Sun is our chief source of energy, which itself 
1s the energy of fusion. Harnessing that energy on the Earth has 
proven to be a formidable challenge. 


73. Two carbon nuclei would fuse to atomic number 12, and the 
beta emission would increase it by 1; so the element produced 
would have atomic number 13, which would be aluminum. 


75. Perhaps 1s fundamental human behavior to seek control. 
Perhaps people fear loss of control more than anything else. 


77. Obvious changes would occur in the fields of economics and 
commerce, which would be geared to relative abundance rather 
than scarcity. Already our present price system, which is geared 
to and in many ways dependent upon scarcity, often malfunc- 
tions in an environment of abundance. Hence, we see instances 
where scarcity is created to keep the economic system functioning. 
Gem điamonds, for example, are abundant, but the gem diamond 
industry works hard to maintain a sense of scarcity. Changes at 
the international level will likely be worldwide economic reform; 
changes at the personal level, in a reevaluation of the idea that 
scarcity ought to be the basis of value. A fusion age could likely see 
changes that will touch every facet of our way of life. 


79. No 
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^. These large cubic salt crystals grew many years ago 
from an evaporating sea in what is now Colorado. 
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Electron-Dot Structures 


Atoms Can Lose or Gain Electrons 
to Become lons 


lonic Bonds Result from a Transfer 
of Electrons 


The Electrons of Metallic Bonds 
Are Loosely Held 


Covalent Bonds Result from a 
Sharing of Electrons 


Valence Electrons Determine 
Molecular Shape 


Polar Covalent Compbounds— 
Uneven Sharing of Electrons 


Molecular Polarity—Uneven 
Distribution of Electrons 


HOW AfOmMS 
BOond 


THE MAIN IDEA 


Atoms bond by exchanging or sharing 
electrons. 


the atoms within that material are chemically 
bonded to each other. Salt crystals, as shown in 
the opening photograph, are cubic because that“s the 
way sodium and chlorine join together to form sodium 
chloride. Smash these crystals with a hammer and you Tl 
merely get smaller cubes! Why are metals opaque to light, 
and why do they conduct both electricity and heat so 
well? Again, the answer has to do with how their atoms 
are bonded. 

You know carbon dioxide to be a gas at room tempera- 
ture and water to be a liquid. Would it surprise you to learn 
that, molecule for molecule, carbon đioxide is over twice 
as heavy as water? As we explore in this chapter, carbon 
đioxide molecules are nonsticky, which allows them to float 
away from each other into a gaseous phase. Conversely, 
the relatively light water molecules are sticky, which keeps 
them together in a liquid phase. The reason has to do with, 
you guessed it, how the atoms within these molecules are 
bonded. 5o 1f we are to understand why materials behave as 
they do, ifs important that we have some understanding of 
how ït is that their atoms bond. 


T properties of a material can be traced to how 


How Atoms Bond 


2. Using the preceding information, 
build plausible structures for the 
following compounds: methane, 
CH¿; dichloromethane, CH,CL.; 
ethane, C2H¿; hydrogen peroxide, 
H;O;; acetylene, C;H;. 


Gumdrop Molecules 


Create molecular models using tooth- 
picks and colored gumdrops. We rec- 
ommendl black or purple for carbon, 
white or yellow for hydrogen, green 
for chlorine, and red for oxygen. 


ANALYZE AND CONCLUDE 


1. For methane, is it possible to 
have all five atoms connected 
lying flat on the table? What is 
the angle between your hydrogen- 
carbon-hydrogen bonds? ls it 
possible to make all these angles 
greater than 90°? For hydrogen 
peroxide, would it be preferable 
to have the two hydrogens on the 

b. When atoms are placed same side or opposite sides of 
together within a single the oxygen atoms? 
molecule, the atoms need 2. Using the above rules, how 
to be as far apart from each many structures are possible 
other as possible while still for C,H¿O? 
also connected. 3. Why do the atoms of molecules 


PROCEDURE 


1. To build plausible molecular 
structures, you need to follow 
these two rules: 


a. Each atom has a specific 
numbser of bond& it is able to 
form, as follows: carbon (4), 
hydrogen (1), chlorine (1), 
oxygen (2). 


4 _Electron-Dot Structures 


EXPLAIN THIS 
Why do the atoms of group †18 resist forming chemical bonds? 


An atomic model ¡is needed to help us understand how atoms bond. 
We begin this chapter with a brief overview of the shell model. 

There are seven shells available to the electrons in an atom, and the elec- 
trons fill these shells in order from innermost to outermost. Furthermore, the 
maximum number of electrons allowed in the first shell is 2, and for the second 
and third shells it is 8. The fourth and fifth shells can each hold 18 electrons, and 
the sixth and seventh shells can each hold 32 electrons.* These numbers match 
the number of elements in each period (horizontal row) of the periodic table. 
Figure 1 shows how this model applies to the first three elements of group 18. 


} Figure 1 

Occupied shells in the group 18 elements helium through argon. Each of these elements has 

a filled outermost shell. Note that the number of electrons in each shell (2, 8, 8, and so on) cor- 
responds to the number of elements in the periods of the periodic table. 


*As a poïint of reference for physics students reading this text, these are shells of orbitals grouped 
by similar energy levels rather than by principal quantum number. They are the “argonian” shells 
developed by Linus Pauling in the 1930s to explain chemical bonding and the organization of the peri- 
odic table. This is an old atomic model, but it works well for a simple description of chemical bonding. 


tend to be as far apart from 
each other as possible? Can all 
molecular structures be deduced 
from only the chemical formula 
for that molecule? 


. For pictures of built qumdrop 


molecules and for more 
challenges, see the second 
Think and Do question at the 
end of this chapter. 


LEARNING OBJECTIVE 


ldentify paired and unpaired 
electrons within an electron-dot 
structure. 


Electron 
capacity 
First period R - 
(one occupied shell) 
Helium 


Second period 
(two occupied shells) 


Third period 
(three occupied shells) 
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^ Figure 2 

Gilbert Newton Lewis (1875-1944) 
revolutionized chemistry with his theory 
of chemical bonding, which he published 
in 1916. He worked most of his life in the 
chemistry department of the University 
of California, Berkeley, where he was not 
only a productive researcher but also an 
exceptional teacher. Among his teaching 
innovations was the idea of providing 
students with problem sets as a follow-ub 
to lectures and readings. 


-..Pn". ẽ 


Electron-dot structures are needed 
to help us understand what kinds of 
chemical bonds? 
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How Atoms Bond 


Electrons in the outermost occupied shell of any atom play a sipnificant role 
in that atom“s chemical properties, including its ability to form chemical bonds. To 
indicate their importance, these outermost electrons are called valence electrons 
(from the Latin ønlenfia, “strength”), and the shell they occupy ¡s called the valence 
shell. Valence electrons can be conveniently represented as a series of dots Sur- 
rounding an atomic symbol. This notation ¡s called an electron-dot structure or, 
sometimes, a Lei0s dof sựrmbol in honor of the American chemist Gilbert N. Lewis, 
who first proposed the concepts of shells and valence electrons (Figure 2). 

The electron-dot structures shown in Figure 3 help us to understand ionic 
and covalent bonds. Electron-dot structures, however, are not so useful in 
describing metallic bonds. The reason is because within a metallic bond, the 
bonding electrons readily flow from one atom to the next, as is discussed further 
in Section 4. This is why the metallic groups 3-12 are not included in Figure 2. 


LỊ 4 Figure 3 

The valence electrons of 
an atom are shown in its 
electron-dot structure. Also 
note that for larger atoms, 
not all the electrons in the 


13 14 15 16 17 18 valence shell are valence 
electrons. Krypton, Kr, for 
He: example, has 18 electrons 


in its valence shell, but only 
aldo la || ola |Í s@o || siZo || gi 8 of these are classified as 
h R ` Kc bà valence electrons. 


When you look at the electron-dot structure of an atom, you immediately 
know two important things about that element. You know how many valence 
electrons it has and how many of these electrons are øøred. Chlorine, for exam- 
ple, has three sets of paired electrons and one unpaired electron, and carbon 
has four unpaired electrons: 


Paired 
electrons 
Unpaired 
Unpaired electron 
iu electron ° 
2Í l ) ( c) 
©° 
N) ©° 
Chlorine Carbon 


Paired valence electrons are relatively stable. In other words, they tusually 
đo not form chemical bonds with other atoms. Eor this reason, electron pairs in 
an electron-dot structure that are not participating in a chemical bond are called 
nonbonding pairs. (Do not take this term literally, however, because under the 
right conditions, even “nonbonding” pairs can form a chemical bond.) 

Valence electrons that are paired, by contrast, have a strong tendency to 
pArticipate in chemical bonding. By doïng so, they become paired with an elec- 
tron from another atom. The ionic and covalent bonds discussed in this chapter 
all result from either a transfer or a sharing of unpaired valence electrons. 


How Atoms Bond 


So why do electrons like to pair up? Electrons have a propeirty called sử. 
Spm can have two states, and these states are analogous to a ball/s spinning 
either clockwise or counterclockwise. Because an electron has an electric charge, 
the spinning generates a tiny magnetic field. Two electrons spinning in opposife 
directions have oppositely alipned magnetic fields, which allows them to come 
together as a païr. 


€OẰMCEPTCHECK 


Where are valence electrons located, and why are they important? 


CHECK YOUR ANSWER Valence electrons are located ¡in the outermost 
occupied shell of an atom. They are important because they play a leading role in 
determining the chemical properties of the atom. 


2 Atoms Can Lose or Gain Electrons to Become lons 


EXPLAIN THIS 


When does a gain result in a negative? 


When the number of protons and electrons in an atom are equal, the charges 
balance and the atom ¡s electrically neutral. If electrons are lost or gained, as 
1llustrated in Figures 4 and 5, the balance is lost and the atom takes on a net 
electric charge. Any atom having a net electric charge is an ion. When electrons 
are lost, protons outnumber electrons and the ion has a positive net charge. 
A positively charged ion is sometimes referred to as a cafion. When electrons 
are gained, electrons outnumber protons and the ion has a negative net charge. 
A negatively charged ion is sometimes referred to as an 401. 

Chemists tuse a superscript to the right of the atomic symbol to indicate the 
strength and sign of an ion“s charge. Thus, as shown ïn Figures 4 and 5, the posi- 
tive ion formed from the sodium atom is written Na†† and the negative ion formed 
from the fluorine atom is written F1. Usually the numeral 1 is omitted when indi- 
cating either a 1+ or 1— charge. Hence, these two ions are most frequently written 
Na” and F”. Two more examples: a calcium atom that loses two electrons is written 
Ca?”, and an oxygen atom that gains two electrons is written O2. 


œ®X3 œxX> 


0@ 
Ù 
Ù 
D€? 


œQœ ` ©œQ + Vacant 
` 
` „” valence 
 Ỷ“... shell 
Na Na†” (positive ion) 
11 protons 11 protons 


11 electrons 10 electrons 


0 net charge +1 net charge 


FORYOUR 


®) INFORMATION 


“The rapid progress true Science 
now makes occasions my regretting 
sometimes that l was born so soon. 
lt is impossible to imagine the 
heights to which may be carried, in 
a thousand years, the power of man 
over matter. O that moral Science 
were in as fair a way of improvement, 
that men would cease to be wolves to 
one another, and that human beings 
would at length learn what they now 
improperly call humanity.“ 
—Benjamin Franklin, in a letter to 
chemist Joseph Priestley, 
8 February 1780. 


LEARNING OBJECTIVE 


Use the periodic table to predlict 
the type of ion an atom tends to 
†orm. 


4 Figure 4 

An electrically neutral sodium atom 
contains 11 negatively charged electrons 
surrounding the 11 positively charged 
protons of the nucleus. When this 

atom loses an electron, the result is a 
positive ion. 
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) Figure 5 


An electrically neutral fluorine atom 


contains nine protons and nine electrons. 


When this atom gains an electron, the 
result is a negative ion. 


-_Ả". 


Why do you NOT need to memorize 
the type of ion each atom tends to 
form? 


lon 
typicaly |1+|2+ 
formed 
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How Atoms Bond 


“—rilled valence 
shell 


F1” (negative ion) 


9 protons 9 _protons 
9 electrons 10 electrons 
0 net charge =1 net charge 


We can use the shell model to deduce the type of ion an atom tends to form. 
According to this model, aforris tend to lose or qain electrons to create a filled ơutermost 
shell. Let/s take a moment to consider this point, looking to Figures 4 and 5 as 
visual guides. 

lf an atom has only one electron or only a few electrons ïn its outermost 
occupied shell, it tends to give up (lose) these electrons so that the next shell 
Inward, which is already filled, becomes the outermost occupied shell. The 
sodium atom of Figure 4, for example, has one electron in its third shell. 
In forming an ion, the sodium atom loses this electron, thereby making the 
second shell, which ¡s already filled to capacity, the outermost occupied shell. 
Because the sodium atom has only one valence electron to lose, it tends to form 
only the 1+ ion. It is a ?osføe ion, because the number of protons (11+) now 
exceeds the number of electrons (10-). 

lf the outermost shell of an atom ¡is almost filled, that atom attracts 
electrons from another atom and so forms a negative ion. The fluorine atom of 
Figure 5, for example, has one space available for an additional electron. After 
this additional electron is gained, the fluorimne atom achieves a filled shell. 
Fluorine therefore tends to form the 1- ion. Remember, electrons are negatively 
charged. So gaining an electron results in a 0eaf/0e ion. 

The periodic table tells us the type of ion each atom tends to form. As 
Figure ó shows, each atom of any group 1 element, for example, has only 
one valence electron and so tends to form the 1+ ion. Each atom of any 
group 17 element has room for one additional electron ¡in its valence shell 
and therefore tends to form the 1- ion. Atoms of the noble gas elements tend 
not to form ions of any type because their valence shells are already filled 
tO capacity. 


3+|4|3-|2z|t|0 


13 14 15 16 


LỊ = Weak nuclear attraction for valence 
electrons; tendency to form positive 
ions 

LỊ = Strong nuclear attraction for valence 
electrons; tendency to form negative 
ions 

LỊ = Strong nuclear attraction for valence 
electrons but valence shell is already 
filled; no tendency to form ions of 
either type 


^ Figure ó 


The periodic table is your guide to the types of ions that atoms tend to form within an 


ionic compound. 


How Atoms Bond 


CO N€CEPTCHE€GKXK 


What type of ion does the magnesium atom, Mg, tend to form? 


CHECK YOUR ANSWER The magnesium atom (atomic number 12) is found in 
group 2 and has two valence electrons to lose (see Figure 2). Therefore, it tends to 
form the 2+ ion. 


As is indicated in Figure 6, the attraction between an atom/s nucleus and 
1ts valence electrons is weakest for elements on the left in the periodic table and 
strongest for elements on the right. From sodium“s position in the table, we can 
see that a sodium atom“s single valence electron is not held very strongly, which 
explains why it is so easily lost. The attraction the sodium nucleus has for its 
second-shell electrons, however, is much stronger, which is why the sodium 
atom rarely loses more than one electron. 

©n the other side of the periodic table, the nucleus of a fluorine atom 
strongly holds onto its valence electrons, which explains why the fluorine atom 
tends not to lose any electrons to form a posiftive ion. Instead, fluorine“s nuclear 
pull on the valence electrons is strong enough to accommodate even an addi- 
tional electron taken from some other atom. 

The nucleus of a noble gas atom pulls so strongly on its valence electrons 
that they are very difficult to remove, so noble gas atoms generally do not lose 
electrons. However, because their outermost shells are already filled to capacity, 
they generally don/t gan electrons either. Thus, these atoms tend not to form ions 
Of any sort. 


G2 ©0N G IEIiCHECK 
Why does the magnesium atom tend to form a 2+ ion? 


CHECK YOUR ANSWER Magnesium ¡is on the left in the periodic table, so 
atoms of this element do not hold onto their two valence electrons very strongly. 
Because these electrons are not held very tightly, they are easily lost, which ¡is why 
the magnesium atom tends to form the 2+ ion. 


Using our shell model to explain the formation of ions works well for øzroups 
1 and 2 and groups 13 throuph 18. This model is too simplified to work well for 
the transition metals of groups 3 through 12, however, or for the inner transition 
metals. In general, these metal atoms tend to form positive ions, but the number 
of electrons lost varies. For example, depending on conditions, an iron atom may 
lose two electrons to form the Ee^* ion or lose three electrons to form the Fe3* ion. 


Molecules Can Form lons 


'We have seen that atoms form ions by losing or gaining electrons. Interestingly, 
molecules can also become ions. In most cases, this occurs whenever a 
molecule loses or gains a proton—equivalent to the hydrogen 1on, H7. (Recall 
that a hydrogen atom is a proton together with an electron. The hydrogen ion, 
H', therefore, is simply a proton.) For example, a water molecule, H;O, can 
gain a hydrogen ion, H” (a proton), to form the hydronium ion, HO”: 


H 
O j- HH >=H ct 
7 
H H \ 
H 
Water Hydrogen ion Hydronium ion 


(proton) 


FORYOUR 
INFORMATION 


What do the ions of the following 


elements have in common: calcium, Ca; 
chromium, Cr; cobalt, Co; copper, Cu; 


iodine, l; iron, Fe; magnesium, Mg; 
manganese, Mn; molybdenum, Mo; 
nickel, Ni; phosphorus, P; potassium, 


K; selenium, Se; sodium, Na; sulfur, S; 


and zinc, Zn? They are all dietary 
minerals that are essential for good 
health but that can be harmful, even 
lethal, when consumed in excessive 
amounts. 
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TABLE 1 
NAME 


Common Polyatomic lons 
FORMULA 
H,O* 
NH¿” 
HCO.~ 
CH;CO,~ 
Nitrate ion NO:~ 
Cyanide ion CN- 
Hydroxide ion OH~ 
CỔ 

SỐ lao 
EO 


Hydronium ion 


Ammonium ion 
Bicarbonate ion 


Acetate ion 


Carbonate ion 
Sulfate ion 


Phosphate ion 


LEARNING OBJECTIVE 


Describe how ions combine to 
form ionic compounds. 


¡H....-‹‹ 


What type of force gives rise to an 
ionic bond? 


) Figure 7 

(a) An electrically neutral sodium atom 
loses its valence electron to an electrically 
neutral chlorine atom. (b) This electron 
transfer results in two oppositely charged 
ions. (c) The ions are then held together by 
an ionic bond. The spheres drawn around 
these and subsequent illustrations of 
electron-dot structures indicate the relative 
sizes of the atoms and ions. 
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Similarly, the carbonic acid molecule, H;CO,, can lose two protons to form 
the carbonate ion, CO2: 


Í Í 
C =. C ° 
MH=ố” ”öo=l ~O 6M 


Carbonic acid Carbonate ion Hydrogen ions 


(protons) 


The hydronium and carbonate ions are examples of polyatomic lions, 
which are molecules that carry a net electric charge. Table 1 lists some com- 
monly encountered polyatomic ions. 


3 _lonic Bonds Result from a Transfer of Electrons 


EXPLAIN THIS 
Why do ionic compounds have very high melting points? 


When an atom that tends to lose electrons is placed in contact with an atom 
that tends to gain them, the result is an electron transfer and the formation of 
two oppositely charged ions. This occurs when sodium and chÏlorine are com- 
bined. As shown ïn Figure 7, the sodium atom loses one of its electrons to the 
chlorine atom, resulting in the formation of a positive sodium ion and a nega- 
tive chloride ion. The two oppositely charged ions are attracted to each other by 
the electric force, which holds them close together. This electric force of attrac- 
tion between two oppositely charged ions ¡s called an ionic bond. 

A sodium ion and a chloride ion together make the chemical compound 
sodium chloride, commonly known as table salt. This and all other chemical 
compounds containing ions are referred to as ionic compounds. All ionic 
compounds are completely different from the elements from which they are 
madke. Sodium chỉloride is not sodium, nor 1s it chlorine. Rather, it is a collection 
of sodium and chloride ions that form a unique material having 1ts own physi- 
cal and chemical properties. 


CTÀNCETPTCHECK 


ls the transfer of an electron from a sodium atom to a chlorine atom a 
physical change or a chemical change? 


CHECK YOUR ANSWER Only a chemical change ¡involves the formation 


of new material. Thus, this or any other electon transfer, because 
it results in the formation of a new substance, is a chemical change. 
Electron transfer lons formed lonic bond 


gà : t G 
Sodium chloride, NaCl 


Sodium and 
chloride ions 


Sodium and 
chlorine atoms 


(a) (b) (c) 
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về 


Sodium fluoride, NaF 


As Figure 8 shows, ionic compounds typically consist of elements that are 
found on opposite sides of the periodic table. Also, because of how the metals 
and nonmetals are organized in the periodic table, positive ions are generally 
derived from metallic elements and negative ions are generally derived from 
nonmetallic elements. 

For all ionic compounds, positive and negative charges must balance. In 
sodium chỉloride, for example, there is one sodium 1+ ion for every chloride 
1- ion. Charges must also balance in compounds containing ions that carry 
multiple charges. The calcium ion, for example, carries a charge of 2+, but 
the fluoride ion carries a charge of only 1-. Because two fluoride ions are 
needed to balance each calcium ion, the formula for calciim fluoride is CaE,„ 
as Figure 9 illustrates. Calcium fluoride occurs naturally in the drinking water 
of some communities, where it is a good source of the tooth-strengthening 
fluoride ion, F”. 

An aluminum ion carries a 3+ charge, and an oxide lon carries a 2- 
charge. Together, these Ions make the ionic compound aluminum oxide, 
Al;Ox, the main component of such gemstones as rubies and sapphires. 
Figure 10 illustrates the formation of aluminum oxide. The three oxide ions in 
Al;O: carry a total charge of 6-, which balances the total 6+ charge of the two 
aluminum ions. As mentioned, rubies and sapphires differ in color because 
of the impurities they contain. Rubies are red because of minor amounts of 
chromium Ions, and sapphires are blue because of minor amounts of iron and 
titanium Ions. 


(6: (ÓJ ÍN| €2 |5 lr Jl (S6 lạ |3 (6 |< 
What is the chemical formula for the ionic compound magnesium oxide? 


CHECK YOUR ANSWER Because magnesium is a group 2 element, you know 
a magnesium atom must lose two electrons to form a MgZT ion. Because oxygen is 
a group 1ó element, an oxygen atom gains two electrons to form an O2- ion. These 
charges balance in a one-to-one ratio, so the formula for magnesium oxide is MgO. 


Bonds forming lonic bonds formed 


Fluorine Calcium_ Fluorine Calcium fluoride, CaF„ 
atom atom atom 


Fluorite 


4 Figure 8 

(a) The ionic compound potassium iodide, 
KI, ¡is added in minute quantities to com- 
mercial salt because the iodide ion, lF, that 
it contains is an essential dietary mineral. 
(b) The ionic compound sodium fluoride, 
NaF, is often added to municipal water 
supplies and toothpastes because it is a 
good source of the tooth-strengthening 
†luoride ion, F-. 


4 Figure 9 

A calcium atom loses two elec- 
trons to a pair of fluorine atoms. 
In the process, the calcium atom 
becomes a calcium ion, Ca2*, 
and the fluorine atoms become 
fluoride ions, F-. The oppositely 
charged ions join to form the 
ionic compound calcium fluoride, 
CaF„, which occurs naturally as the 
mineral fluorite. 
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Bonds forming 


lonic bonds formed 


Aluminum 
atom 


^  Figure 10 

Two aluminum atoms lose a total of six 
electrons to three oxygen atoms. In the 
process, the aluminum atoms become 
aluminum ions, AlŠ*, and the oxygen 
atoms become oxide ions, O2-. The 
oppositely charged  ions join to form the 
ionic compound aluminum oxide, Al,O-. 
Certain gemstones are crystalline alumi- 
num oxide with trace amounts of impuri- 
ties, such as chromium, which makes ruby, 
and titanium, which makes sapphire. 


) Figure 11 

(a) Sodium chloride, as well as other ionic 
compoundks, forms ionic crystals in which 
every internal ion is surrounded by ions 

of the opposite charge. (For simplicity, 
only a small portion of the ion array is 
shown here. A typical NaCl crystal involves 
millions and millions of ions.) (b) A view of 
crystals of table salt through a microscope 
shows their cubic structure. The cubic 
shape is a consequence of the cubic 
arrangement of sodium and chloride ions. 


LEARNING OBJECTIVE 
Relate the properties of a metal to 


how the atoms of that metal are 
chemically bonded. 
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Aluminum oxide, Al:O; 


Sapphire 


An ionic compound typically contains a multitude of ions ørouped together 
in a highly ordered 3-dimensional array. In sodium chloride, for example, each 
sodium ion 1s surrounded by six chloride ions and each chloride lon is 
surrounded by six sodium ions (Figure 11). Overall, there is one sodium ion for 
each chloride ion, but there are no identifiable sodium-chloride pairs. Such an 
orderly array of ions is known as an i0wic cr/stal. As mentioned at the onset of 
this chapter, on the atomic level, the crystalline structure of sodium chloride 
1s cubic, which is why macroscopic crystals of table salt are also cubic. Smash 
a large cubic sodium chloride crystal with a hammer, and what do you get? 
Smaller cubic sodium chloride crystals! Similarly, the crystalline structures of 
other ionic compounds, such as calcium fluoride and aluminum oxide, are a 
consequence of how the ions pack together. 


T1 Sodium ion, Na? 


“t Chloride ion, CI” 
(a) 


4 The Electrons of Metallic Bonds Are Loosely Held 


EXPLAIN THIS 
Why aren't alloys described as metallic compounds? 


Metals conduct electricity and heat, are opaque to light, and deform—rather than 
fracture—under pressure. Because of these properties, metals are used to build 
homes, appliances, cars, bridges, airplanes, and skyscrapers. Metal wires across 
the landscape transmit communication signals and electric power. We wear metal 
jewelry, exchange metal currency, and drink from metal cans. Yet what is it that 
Øives a metal its metallic properties? We can answer this question by looking at the 
behavior of its atoms. 

The outer electrons of most metal atoms tend to be weakly held to the 
atomic nucleus. Consequently, these electrons are easily dislodged, leaving 
behind positively charged metal ions. The many electrons dislodged from a 
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large group of metal atoms flow freely through the resulting metal ions, as 
depicted in Figure 12. This “fluid“ of electrons holds the positively charged 
metal ions together in the type of chemical bond known as a metallic bond. 

The mobility of electrons in a metal accounts for the metal”s sipnificant ability 
to conduct electricity. Also, metals are opaque and shiny because the free electrons 
easily vibrate to the oscillatons of any light fallĩing on them, reflecting most of it. 
Furthermore, the metal ions are not rigidly held to fixed positlions, as ions are in 
an ionic crystal. Rather, because the metal ions are held together by a “fluid” of 
electrons, these ions can move into various orientations relative to one another, 
which occurs when a metal is pounded, pulled, or molded into a different shape. 

TIwo or more different metals can be bonded to each other by metallic 
bonds. This occurs, for example, when molten gold and molten palladium are 
blended to form the homogeneous solution known as white gold. The quality 
of the white gold can be modified simply by changing the proportions of gold 
and palladium. White gold ¡is an example of an alloy, which is any mixture 
composed of two or more metallic elements. By playing around with propor- 
tions, metalworkers can readily modify the properties of an alloy. For example, 
in designing the Sacagawea dollar coin, shown ¡in Figure 13, the U.S. Mint 
needed a metal having a gold color—so that it would be popular-and having 
the same electrical characteristics as the Susan B. Anthony dollar coin—so that 
the new coin could substitute for the Anthony coin in vending machines. 

Only a few metals—gold and platinum are two examples—appear in nature 
¡n metallic form. Deposits of these natural metals, also known as 14fi0e 1melals, are 
quite rare. For the most part, metals found ïn nature are chemical compounds. 
lron, for example, is most frequently found as iron oxide, Fe;O., and copper as 
chalcopyrite, CuEeS.. Geologic deposits containing relatively hiph concentra- 
tions of metal-containing compounds are called ores. The metals industry mines 
these ores from the ground, as shown in Figure 14, and then processes them into 
metals. Although metal-containing compounds occur just about everywhere, only 
Ores are concentrated enouph to make the extraction of the metal economical. 

Because our planet is chock-full of metal-containing compounds, it is 
difficult to imagine how we could ever incur a shortage of metals. Experts 
supgest, however, that 1ƒ we continue with our present rate of consumption, 
such shortages will occur within the next two centuries. The problem is not 
a shortage of metal-containing compounds but rather a shortage of ores from 
which these compounds can be extracted øf a reasontable cost. 

Consider the recovery of gold. All the gold in the world isolated from 
nature so far could form a single cube 18 meters on a side, which would have 
a mass of about 130,000 tons. This includes all the naturally occurring elemen- 
tai gold we have mined plus all the gold purifed from gold-containing ores. 
Because the rate of gold production is steadily decreasing, one might think we 
have already isolated a sipnificant portion of the Earth“s total gold reserves. 
Our oceans, however, are laden with gold—as much as 2 milliprams per ton 
of seawater. Given that there is about 1.5 x 1018 tons of seawater on the planet, 


4 Figure 12 

Metal ions are held together by freely 
flowing electrons. These loose electrons 
form a kind of “electronic fluid,” which 
flows through the lattice of positively 
charged ions. 


..,ÔẨôÐÔÔÐ 


What holds the positively 
charged metal ions together 
within a metallic bond? 


^ Figure 13 

The gold color of the Sacagawea U.S. 
dollar coin ¡is achieved by an outer surface 
made of an alloy of 77% copper, 12% zinc, 
7% manganese, and 4% nickel. The interior 
of the coin is pure copper. 
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} Figure 14 
The world's biggest open-pit mine is the 
copper mine at Bingham Canyon, Utah. 


Ea rorvouh 
H (NFORMATION 


Metal ores contain ionic compounds 
in which the metal atoms have lost 
electrons to become positive ions. 
Converting the ores to metals 
requires that electrons be given 

back to the metal ions. This is done 
by heating the ore with electron- 
releasing materials, such as carbon, in 


hot furnaces that reach about 1500°C. 


The metal emerges in a molten state 
that can be cast into a variety of 
useful shapes. 


^ Figure 15 
Natural resources are unavailable to us when the energy required to 
collect them far exceeds the resource's inherent value. For example, 
most of the world's gold is found in the oceans, but this gold is too 
dilute for extraction to be worthwhile. 
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our oceans contain 3.4 billion tons of gold! As yet, however, no method has 
been found for recovering gold from seawater profitably—this gold ¡s simply 
too dilute (Figure 15). 

Like the gold in the ocean, most of the metal-containing compounds in the 
Earth/s crust are finely mixed with other stuff, which is to say the compounds 
are điluted. Ores are, by definition, parts of the Earth“s crust where, for geologic 
reasons, the compounds have been concentrated. High-grade ores, those con- 
taining relatively large concentrations of compounds, are the first to be mined. 
After these are depleted, we move on to lower-grade ores, which have lower 
yields that translate into greater costs. Eventually, a nation“s ore supplies are 
depleted, as are the aluminum oxide ores in the United States, as described in 
Figure 16. The nation ¡s forced to import metals or their ores from other coun- 
tries, which also have finite ore resources. 

Interestingly, high-grade ore nodules discovered on the ocean floor are a 
potential new source of metals, as are metal-rich asteroids in space. Rather than 
investing in new ore resources, however, it is far cheaper to produce metals from 
recycled products. Perhaps one day ïn the future our recycling programs will be 
so strong worldwide that mining from such unusual places will not be necessary. 


^ Figure 1ó 

An open-pit aluminum mine in Australia. Aluminum ore is no longer 
mined in the United States because the reserves have dwindled to the 
point where it is less expensive to import high-grade aluminum ore from 
other countries, including Australia. 
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5 _Covalent Bonds Result from a Sharing of Electrons 


EXPLAIN THIS 


A lone proton encounters the lone pair of electrons of an ammonia molecule 
and forms what? 


Imagine two children playing together and sharing their toys. Perhaps a fÍorce 
that keeps the children together is their mutual attraction to the toys they share. 
In a similar fashion, two atoms can be held together by their mutual attraction 
for electrons they share. A fluorine atom, for example, has a strong tendency 
to acquire an additional electron, which fills the outer shell. As shown in Figure 17, 
a fluorine atom can add an additional electron to its outer shell by grabbing onto 
the unpaired valence electron of another fluorine atom. This results in a situation 
¡in which the two fluorine atoms are mutually attracted to the same two electrons. 
This type of electrical attraction in which atoms are held together by their mutual 
attraction for shared electrons is called a covalent bond, where co- sipnifies sharing 
and -øalent refers to the fact that it is valence electrons that are being shared. 

A substance composed of atoms held together by covalent bonds is a covalent 
compound. The fundamental unit of most covalent compounds is a molecule, 
which we can now formally define as any group of atoms held together by 
covalent bonds. Figure 18 uses the element fluorine to illustrate this principle. 

When writing electron-dot structures for covalent compounds, chemists 
often use a straipht line to represent the two electrons involved in a covalent 
bond. In some representations, the nonbonding electron pairs are ignored. This 
OCCurs in instances where these electrons play no significant role in the process 
being illustrated. Here are two frequently used ways of showing the electron-dot 
structure for a fluorine molecule without using spheres to represent the atoms: 

:F—Ft + 

Remember——the straight line in both versions represents fzøo electrons, one 
from each atom. Thus, we now have two types of electron pairs to keep track 
of. The term ?0bondins pair refers to any pair that exists in the electron-dot 
structure of an individual atom, and the term bonđins pair refers to any pair that 
results from formation of a covalent bond. In a nonbonding païr, both electrons 
Originate in the same atom; in a bonding païr, one electron comes from each 
atom participating ¡in the bond. 

Recall from Secton 3 that an ionic bond ¡is formed when an atom that 
tends to lose electrons makes contact with an atom that tends to gain them. 


Bond forming 


^ Figure 17 


Covalent bond 


LEARNING OBJECTIVE 


Describe how atoms combine to 
form covalent compoundks. 


FORYOUR 


&@ INFORMATION 


Spectroscopic studies of interstellar 
dust within our galaxy have revealed 
the presence of more than 120 kinds 
of molecules, such as hydrogen 
chloride, HCl; water, H;O; acetylene, 
HC; formic acid, HCO¿H; methanol, 
CH:OH; methyl amine, NH.„CH;:; acetic 
acid, CH;CO»-H; and even the amino 
acid glycine, NH;CH„CO,H. Notably, 
about half of these interstellar 
molecules are carbon-based organic 
molecules. The atoms originated from 
the nuclear fusion of ancient stars. 
How interesting that these atoms then 
join together to form molecules even 
in the deep vacuum of outer space. 


Fluorine molecule, F; 


The positive nuclear charge (represented by red shading) of a fluorine atom can cause the fluorine atom to become attracted to the unpaired 
valence electron of a neighboring fluorine atom. In this way, each fluorine atom achieves a filled valence shell and the two atoms are held together 
in a fluorine molecule by the attraction they both have for the two shared electrons. The atoms are said to be held together by a covalent bond. 
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} Figure 18 

Molecules are the fundamental units of the 
gaseous covalent compound fluorine, F¿. 
Notice that in this model of a fluorine 
molecule, the spheres overlap, whereas the 
spheres shown earlier for ionic compounds 
do not. Now you know that this difference 
in representation is because of the 
difference in bond types. 


"......-- 


What do covalent bonds have in 
common with the negative ions formed 
by nonmetals? 


) Figure 19 
Two hydrogen atoms form a covalent bond 
as they share their unpaired electrons. 


) Figure 20 

The two unpaired valence electrons of 
oxygen pair with the unpaired valence 
electrons of two hydrogen atoms to form 
the covalent compound water. 
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Fluorine 


Gaseous elemental fluorine molecule, F; 


A covalent bond, by contrast, is formed when two atoms that bofh tend to gain 
electrons are brought into contact with each other. Atoms that tend to form 
covalent bonds are therefore primarily atoms of the nonmetallic elements, in 
the upper right corner of the periodic table (with the exception of the noble øas 
elements, which are very stable and tend not to form bonds). 

Hydrogen tends to form covalent bonds because, unlike the other group 
1 elements, it has a fairly strong attractHon for an additonal electron. Iwo 
hydrogen atoms, for example, covalently bond to form a hydrogen molecule, 
H;, as shown in Figure 19. 

The number of covalent bonds an atom can form is equal to the number of 
additional electrons it can attract, which is the number needed to fill its valence 
shell. Hydrogen attracts only one additional electron, so it forms onÏy one cova- 
lent bond. Oxygen, which attracts two additional electrons, finds them when it 
encounters two hydrogen atoms and reacts with them to form water, HO, as 
Figure 20 shows. In water, not only does the oxygen atom have access to two 
additional electrons by covalently bonding to two hydrogen atoms, but each 
hydrogen atom has access to an additional electron by bonding to the oxygen 
atom. Each atom thus achieves a filled valence shell. 

NÑitrogen attracts three additional electrons and ¡is thus able to form three 
covalent bonds, as occurs in ammonia, NH„, shown in Figure 21. Likewise, a 
carbon atom can attract four additional electrons and is thus able to form four 
covalent bonđs, as occurs in methane, CH„ also shown in Eigure 21. Note that 
the number of covalent bonds formed by these and other nonmetallic elements 
parallels the negative charge these ions tend to form (see Figure 6). This makes 
sense, because covalent-bond formation and negative-ion formation are both 
applications of the same concept: nonmetallic atoms tend to gain electrons until 
their valence shells are filled. 


Before bonding Covalent bond formed 


" Ni 


Hydrogen atom 


` 


... 


Hydrogen atom Hydrogen molecule, H; 


Before bonding 


Oxygen 
atom v# 
He Hydrogen 


atom 
Hydrogen 
atom 


Covalent bonds formed 


Water molecule, H;O 
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Before bonding 


Nonbonding 4 Figure 21 
lone pair (a) A nitrogen atom attracts the three 
xế electrons in three hydrogen atoms to form 
®SN$ H ammonia, NH;, a gas that can dissolve in 
g water to make an effective cleanser. (b) A 
H carbon atom attracts the four electrons 
HÉj LiỂP 2Ñ in four hydrogen atoms to form methane, 
* x s° Ammonia molecule, NH; CH¿, the primary component of natural 
&) gas. In these and most other cases of cova- 


lent-bondl formation, the result is a filled 
valence shell for all the atoms involved. 


H». S©LIỆ 


5%H - H 


Methane molecule, CHạ 


Diamond is a most unusual covalent compound consisting of carbon atoms 
covalently bonded to one another in four directions. The result is a coøalenf cr/stal, 
which, as shown in Figure 22, is a highly ordered, 3-dimensional network of cova- 
lently bonded atoms. This network of carbon atoms forms a very strong and rigid 
structure, which is why diamonds are so hard. Also, because a diamond 1s a group 
Of atoms held together only by covalent bonds, it can be characterized as a single 
mmolecule. Unlike most other molecules, a diamond molecule is laree enouph to be 
visible to the naked eye, so it is more appropriately referred to as a macromolecule. 


€COØNCGEPTCHECK 


How many electrons make up a covalent bond? 


CHECK YOUR ANSWER Two—one from each participating atom. 


lt is possible to have more than two electrons shared between two atoms, 
and Figure 23 shows a few examples. Molecular oxygen, ©.„ consists of two 
Ooxygen atoms connected by four shared electrons. This arrangement is called a 


4 Figure 22 

The crystalline structure of 
diamond is nicely illustrated 
with sticks to represent the 
covalent bonds. The molecular 
nature of a diamond is respon- 
sible for its extreme hardness. 
Interestingly, most naturally 
occurring diamonds formed 
deep within the Earth, not mil- 
lions, but billions of years ago. 
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) Figure 23 

Double covalent bonds in molecules 

of oxygen, O¿„ and carbon dioxide, CO›, 
and a triple covalent bond in a molecule 
of nitrogen, N¿. 


) Figure 24 

Additional electron-dot structures, also 
known as Lewis structures. Note that each 
carbon atom always forms four bonds. In 
formamide, two of these bonds are single 
bonds and the other two are part of a 
double bond. A double bond, therefore, 
counts as two bonds, and a triple bond 
counts as three bonds. 


FORYOUR 


& INFORMATION 


Astronomers have recently 
discovered an expired star that 

has a solid core made of diamond. 
This star-sized diamond measures 
about 4000 kilometers wide, which 
amounts to about 10 billion trillion 
trillion carats. lt has been named 
“Lucy,” after The Beatles song “Lucy 
in the Sky with Diamonds.” In about 
7 billion years, our own star, the Sun, 
is also likely to crystallize into a huge 
diamond ball. 


ï 
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Ammonium ion Hydroxide ion 


(a) (b) 
^ Figure 25 


The electron-dot structures for the 
ammonium and hydroxide ions. 
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double coualent bond or, for short, a double bond. As another example, the cova- 
lent compound carbon dioxide, CO,„ consists of two double bonds connecting 
two oxygen atoms to a central carbon atom. 

Some atoms can form ífriple cơualent bơnds, in which six electrons—three 
from each atom——are shared. One example is molecular nitrogen, N.„. Any dou- 
ble or triple bond is often referred to as a multiple bond. Multiple bonds higher 
than these, such as the quadruple covalent bond, are not commonly observed. 

Figure 24 shows electron-dot structures, also sometimes called Ler0is sfruc- 
Eures, for some additional molecules. Note from these structures that each element 
consistently forms the same number of bonds. Hydrogen, for example, forms one 
bond, while carbon forms four bondđs, nitrogen forms three bonds, and oxygen 
forms two bonds. This number of bonds is equal to the number of additional elec- 
trons the atom is able to attract as indicated by its position in the periodic table. 
Also note from these structures that the number of lone pairs on atoms is also con- 
sistent. Hydrogen, aluminum, and carbon show no lone pairs. Nitrogen has one 
lone païr, oxygen has two, and chlorine and fluorine have three. These numbers of 
lone pairs allow each atom to have a filled shell of electrons. 

The pattern is a bit different for the charged atoms within a polyatomic ion. 
A positively charged atom within a polyatomic ion has one additional covalent 
bond and one fewer lone pair. For example, the nitrogen atom of an ammonia 
molecule, NH., has three bonds and one lone païr, as shown in Eigure 21a. Add 
a hydrogen ion, H”, to ammonia and you create the anmonium ion, NHựT, as 
shown in Figure 25a. The nitrogen of the ammonium ion has four bonds and no 
lone pairs. (The reason for this is that the lone pair of ammonia reacted with a 
hydrogen ion to form the fourth bond.) 

Similarly, a negatively charged atom within a polyatomic ion has one 
fewer covalent bond and one additional lone pair. For example, the oxygen 
of a water molecule, H,O, has two bonds and two lone pairs, as shown in 
Figure 20. Remove a hydrogen ion, HT, from a water molecule and you create 
the hydroxide ion, OHF, as shown in Figure 25b. The oxygen of the hydroxide 
ion has only one bond but three lone pairs. (The additional lone pair was 
created as the hydrogen ion left the water molecule without an electron.) 
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CONGEPTCHECK 


Shown below ¡s the electron-dot structure for the polyatomic bicarbonate 
ion. Why is one of the oxygen atoms shown with only one covalent bond? 


O 
lÌ 
H —.. z 


Bicarbonate ion 


CHECK YOUR ANSWER In a neutral molecule, one would expect each oxygen atom 
to have two bonds. The oxygen seen to the right ¡in this electron-dot structure ¡s 
bonded only once because it is carrying a negative charge. Note that although it ¡s 
bonded only once, it has three lone pairs, which with the two bonding electrons fil| 
the valence shell. 


ó Valence Electrons Determine Molecular Shape 


EXPLAIN THIS LEARNING OBJECTIVE 


Why does the water molecule have a bent shape? Predlict the shape of a small 


molecule using the valence-shell 


Molecules are 3-dimensional entities and therefore best depicted in three electron-pair repulsion modkel. 


dimensions. Wecantranslate the2-dimensionalelectron-dotstructure representing 

a molecule into a more accurate 3-dimensional rendering by using the model 

known as valence-shell electron-pair repulsion, also called VSEPR (pronounced 

ves-per). According to this model, electron pairs in a valence shell arrange 

themselves to get as far away as possible from all other electron pairs in the é READINGCHECK 
shell. This includes nonbonding pairs and any bonding pairs or øroups of bond- 
¡ng pairs held together in a double or triple bond. This behavior ¡s the result of 
simple electrostatic repulsions between the electron pairs. 

The 2-dimensional electron-dot structure for methane, CHỊ, is 


What do electron pairs, either bonding 
or nonbonding, tend to do? 


H 
|  SuẾ 


H—C—H 
| 
H 


In this structure, the bonding electron pairs (shown as straight lines represent- 
ing two electrons each) are set 90° apart because that is the farthest apart they 
can be shown in two dimensions. When we extend the view to three dimen- 
sions, however, we can create a more accurate rendering, in which the four 
bonding pairs are 109.5° apart: 


k7 


Stereo image 
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These two renderings of methane are sf¿re0 7aees—yOou can see them in three 
dimensions by looking at them cross-eyed so that they appear to overlap. To get 
the images to overlap, you can also try touching your nose to the page and 
then slowly pulling the text away from your face. If neither of these techniques 
works, be sure to build the gumdrop molecule as described in the Hands-On 
Chemistry activity at the beginning of this chapter. 

You can think of this 3-dimensional structure as follows: the central carbon 
atom has one hydrogen atom sticking out of its top and is supported on a 
tripod whose legs are formed by the three lower C-H bonds. 

Draw the four triangles defined by the hydrogen atoms ¡in the above 
stereo image of CH¡ (one triangle being the base, the other three being the 
three upright faces) and you']l see that the shape of the methane molecule is a 
pyramid that has a triangular base supporting three other triangles that meet at 
the pyramid“s apex. In geometry, a pyramid that has a triangular base is given 
the special name fefrahedron, and so chemists say that the methane molecule 
1s telrahedral: 


Stereo image of tetrahedral methane molecule 


The VSEPR model allows us to use electron-dot structures to predict 
the 3-dimensional geometry of simple molecules. This geometry is deter- 
mined by considering the number of atoms or nonbonding electron pairs 
surrounding the centrally located atom. Chemists refer to any atom or non- 
bonding electron pair surrounding a central atom as a sbst/Fuent. They use 
this fancy term the same way people commonly use the word øpØendase to 
refer to either an arm or a leg. Thus, to simplify our discussion, we define 
a substituent as any atom or nonbonding pair of electrons surrounding a 
centrally located atom. For example, the carbon of a methane molecule has 
four substituents—the four hydrogen atoms. The oxygen atom of a water 
molecule also has four substituents—two hydrogen atoms and two non- 
bonding pairs of electrons: 


Central atom Central atom Lobes used to 


with four H with four indicate space 
substituents — | sbsttuens ` À occupied by 
H-C—H C> O—H_ nonbonding pair 


| 
H H 


Methane, CHạ Water, HạO 


As shown in Table 2, when a central atom has only two substituents, the 
øeometry of the molecule is /Zear, meaning that a single straight line may be 
drawn passing through both substituents and the central atom. Three sub- 
stituents arrange themselves in a triangle—the plane of which passes through 
the central atom——so this geometry is called friangular planar. Four substitu- 
ents form a tetrahedron, as already discussed. Why these geometries? Simply 
put, these are the geometries that allow the maximum distance between 
substituents. 
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Why are the two oxygen atoms in carbon dioxide, CO;,, spaced 180° apart? 


CHECK YOUR ANSWER tí the two oxygen atoms were on the same side of the 
carbon atom, the bonding electrons would be relatively close to each other. 


Because electron pairs repel one another, this is not a stable situation. Instead, the 
oxygen atoms position themselves so that the bonding pairs of the two double bonds 
are as far from each other as possible, which is on opposite sides of the carbon atom, 
180° apart, as shown in Table 2. 


Molecular Shape ls Defined by the Substituent Atoms 


When chemists talk about the shape of a molecule, they are talking about the 
relative positions of the atoms of the molecule. How atoms position themselves 
is spelled out by VSEPR. But from VSEPR, we see that the nonbonding elec- 
trons (lone pairs) also affect how atoms within a molecule get positioned. 

Figuring out the shape of a molecule is a two-step process. The first step 1s 
to use VSEPR to position all substituents, both atoms and nonbonding pairs, 
around a central atom. The second step is to ignore all nonbonding pairs and 
decide what 3-dimensional shape the atoms form. Lets work through a few 
examples from Table 2 to see what all this means. 

In any molecule in which there are no nonbonding pairs around the central 
atom, the molecular shape is the same as the VSEPR geometry. Thus, to use the 
examples from Table 2, all the molecules of the first row (BeH.„ CO,, HƠN) have a 
linear shape. Two molecules of the second row (BH; and H;CO) have a triangular 
planar shape, and the first molecule of the third row (CHỊ,) has a tetrahedral shape. 

Now lets look at molecules that have nonbonding pairs, beginning with 
germanium chloride, GeC]L„ and its one nonbonding pair. The VSEPR geometry 
is triangular planar, but to get the shape of the molecule, we focus only on the 
atoms. This reveals the germanium and two chÏlorine atoms held together at an 
angle—a shape known as benf. Similarly, focusing only on the atoms, a water 
molecule is also seen to have a bent shape. Now you know why water molecules 


TABLE 2 


NUMBER OF 
SUBSTITUENTS 


Molecular Geometries 


3-DIMENSIONAL GEOMERTY EXAMPLES 


FORYOUR 


3 INFORMATION 


“Dry cleaning” is the process of 
washing clothes without water. The 
most common dhry cleaning solvent 

is perchloroethylene, C„Cl¿. (Can 

you deduee its chemical structure?) 
The advantage of dry cleaning is that 
dirt, grime, and stains are typically 
more soluble in the dry cleaning 
solvent, which is also less harsh on the 
clothing and can do a full load in under 
10 minutes. After a washing cycle, 

the solvent is centrifuged out of the 
machine, filtered, distilled, and recycled 
for the next load. Clothes come out 

of the machine already dried and 
ready for folding. Perchloroethylene, 
also known as perc, is relatively safe, 
but ít is mildly carcinogenic and can 
cause dizziness in those who work with 
it. An up-and-coming alternative to 
perc is carbon dioxide, CO,„ which at 
super high pressures forms an unusual 
liquid-like and gas-like medium, called 
a supercritical fluid, that has remarkable 
cleaning properties. 


e-“‹À-= 


Linear 


JBI==lälS—— lỗÍ 
BeH; 


Tetrahedral 


197 


) Figure 26 
The shapes of 
molecules from 
Table ó.2. 


Ø2 


How Atoms Bond 


Ge s> oš + Nà» 
ụ 


` ) 


Bent (GeC];) Bent (H;O) Triangular pyramidal (NH:) 


are always depicted with the two hydrogen atoms close to each other, like a set 
of mouse ears, rather than as far apart as possible on opposite sides of the oxygen 
atom——two nonbonding pairs are pushing them into this orientation. 

Focusing only on the atoms of the ammonia molecule, NH,, in Table 2 
means the shape is not tetrahedral, because in a tetrahedron, all four corners 
must be equally distant from the central atom. Ammonia“s shape, as shown in 
Figure 2ó, is typically described as friangular pụramidal. 


(G  {(©) [N| (ý J=Z {7 1J (6 [na] |3 (s L 
What is the shape of a chlorine trifluoride molecule, CIF? 


F 
| 
Z3) 


CHECK YOUR ANSWER Describe what you see as you focus only on the atoms 
(ignoring the nonbonding pairs). For chlorine trifluoride, the shape has all four atoms 
in the same plane. They form a triangle having a fluorine atom at each corner and the 
chlorine atom sitting at the midpoint on one side. 

Call ït what you likemost chemists simply call it T-shaped. 


7 _Polar Covalent Compounds—Uneven Sharing of Electrons 


LEARNING OBJECTIVE 
Differentiate between ionic, polar 


covalent, and nonpolar covalent 
chemical bonds. 


198 


EXPLAIN THIS 


How is the chemical bond between sodium and chlorine mostly ionic but 
partially covalent? 


Tí the two atoms ¡in a covalent bond are identical, as shown below, their nuclei 
have the same positive charge. The electrons shared between these two iden- 
tical atoms are shared evenly. We can represent these electrons being shared 
evenly using an electron-dot structure with the electrons situated exactly 
halfway between the two atomic symbols. Alternatively, we can draw a cloud 
¡in which the positions of the two bonding electrons over time are shown as a 
series of dots. Where the dots are most concentrated is where the electrons have 
the greatest probability of being located: 


H:H 


In a covalent bond between nonidentical atoms, the nuclear charges are 
different, and consequently, the bonding electrons may be shared 1ne0enl. 


How Atoms Bond 


This occurs in a hydrogen-fluorine bond, in which electrons are more attracted 
to fluorine“s greater nuclear charge: 


H1 ïT 


The bonding electrons spend more time around the fluorine atom. For this 
reason, the fluorine side of the bond ¡s sliphtly negative, and because the 
bonding electrons have been drawn away from the hydrogen atom, the 
hydrogen side of the bond ¡is slightly positive. This separation of charges is 
called a đipole (pronounced đ/e-pole) and is represented either by the characters 
ôồ- and ð+ (read “slightly negative” and “slightly positive,” respectively) or by a 
crossed arrow pointing to the negative side of the bond: 


ô+  ðñ— — 


H—F H—E 


So atoms forming a chemical bond engage in a tug-of-war for electrons. 
How strongly an atom is able to tug on bonding electrons has been measured 
experimentally and quantified as the atom“s electronegativity. The range of elec- 
tronegativities runs from Ú.7 to 3.98, as Figure 27 shows. The greater an atom's 
electronegativity, the greater its ability to pull electrons toward itself when bonded. 
Thus, in hydrogen fluoride, fluorine has a greater electronegativity, or pulling 
power, than hydrogen. 

Electronegativity is greatest for elements at the upper right of the periodic 
table and lowest for elements at the lower left. Noble gases are not considered 
in electronegativity discussions because, as previously mentioned, they rarely 
pArticipate in chemical bonding. 

When the two atoms in a covalent bond have the same electronegativ- 
ity, no dipole is formed (as is the case with H;) and the bond is classified as a 
nonpolar bond. When the electronegativities of the atoms differ, a dipole may 
form (as with HF) and the bond 1s classified as a polar bond. Just how polar a 
bond is depends on the difference between the electronegativity values of the 
two atoms—the greater the difference, the more polar the bond. An electroneg- 
ativity difference between two atoms greater than about 1.7 indicates an ionic 
bond. A difference of less than 1.7 but greater than about 0.4 indicates a polar 
covalent bond. Nonpolar covalent bonds have electronegativity differences of 
less than 0.4. 

As can be seen in Figure 27, the greater the distance between two atoms in 
the periodic table, the preater the difference in their electronegativities, and hence 
the greater the polarity of the bond between them. So a chemist can predict which 
bonds are more polar than others without reading the electronegativities. Bond 
polarity can usually be inferred by looking at the relative positions of the atoms in 
the periodic table—the farther apart they are, especially when one is at the lower 
left and one is at the upper right, the greater the polarity of the bond between them. 


"¬"--:  .- 


What is an atom with great 
electronegativity able to do? 


4 Figure 27 
The experimentally measured 
electronegativities of elements. 
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FORYOUR 


& INFORMATION 


The term electronegativity was coined 
by Linus Pauling in his famous 1932 
publications “The Nature of the 
Chemical Bond, Parts |-IV.” Through 
these articles, Pauling was the first 
to formally describe the periodic 
trends of ionic, polar covalent, and 
nonpolar covalent bonding. The 
term electronegativity refers to 

the negative charge that an atom 

in a molecule picks up due to the 
electrons it may attract. There are 
other electronegativity scales, but 
Pauling's original scale has remained 
the most commonly used. 


} Figure 28 

These bonds are in order of increasing 
polarity from left to right, a trend indicated 
by the larger and larger crossed arrows 
and ô-/8+ symbols. Which of these pairs of 
elements are farthest apart in the periodic 
table? 


) Figure 29 

The ionic bond and the nonpolar covalent 
bond  represent the two extremes of 
chemical bonding. The ionic bond involves 
a transfer of one or more electrons, and 
the nonpolar covalent bond involves the 
equitable sharing of electrons. The charac- 
ter of a polar covalent bond  falls between 
these two extremes. 
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How Atoms Bond 


€@G©INEGSE II CHECK 
List these bonds in order of increasing polarity: P-F, S-F, Ga-F, Ge-F: 


(least polar) : : : (most polar) 


CHECK YOUR ANSWER lf you answered the question, or attempted to, before 
reading this answer, hooray for youl You're doing more than reading the text—you re 
learning chemistry. The greater the difference in electronegativities between two 
bonded atoms, the greater the polarity of the bond; so the order of increasing polarity 
is S-F, P-F, Ge-F, Ga-F. 

Note that this answer can be obtained merely by looking at the relative positions of 
these elements in the periodlic table rather than by calculating the dlifferences ¡in their 
electronegativities. 


The magnitude of bond polarity is sometimes indicated by the size Of 
the crossed arrow or the ô— and ô+ symbols used to depict a dipole, as shown in 
Figure 28. Note that the electronegativity difference between atoms in an ionic 
bond ¡s relatively large. For example, the bond in NaCT has an electronegativity 
difference of 2.23, far greater than the difference of 1.43 shown for the C-F bond 
1n Figure 28. 

What is important to understand here ¡s that there ¡is no black-and-white 
distinction between I1onic and covalent bonds. Rather, there is a gradual change 
from one to the other as the atoms that bond are located farther and farther 
apart in the periodic table. This continuum is illustrated in Figure 29. Atoms on 
opposite sides of the periodic table have great differences in electronegativity, 
and hence the bonds between them are highly polarin other words, ionic. 
Nonmetallic atoms of the same element have the same electronegativities, so 
their bonds are nonpolar covalent. The polar covalent bond, with its uneven 
sharing of electrons and slightly charged atoms, lies between these two extremes. 


Nonpolar Polar 


Ăn S= 
C:C €C:N 
+> 
Electronegativity difference: 
0 0.49 0.89 1.43 
lonic Polar covalent Nonpolar covalent 
Na :F H:F F:F 
— 

Sodium fluoride Hydrogen fluoride Molecular fluorine 
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8 _ Molecular PolarityUneven Distribution of Electrons 


EXPLAIN THIS 
Which ¡is heavier: carbon dioxide or water? 


'When all the bonds in a molecule are nonpolar, the molecule as a whole 1s also 
nonpolar—as is the case with H.„ O.„ and N;. When a molecule consists of only 
two atoms and the bond between them is polar, the polarity of the molecule is 
the same as the polarity of the bond——as with HF and HCI. 

Complexities arise when assessing the polarity of a molecule containing 
more than two atoms. Consider carbon dioxide, CO, shown in Figure 30. The 
cause of the dipole in either of the carbon-oxygen bonds is oxygen“s greater 
pull on the bonding electrons (because oxygen is more electronegative than 
carbon). At the same time, however, the oxygen atom on the opposite side of 
the carbon pulls those electrons back to the carbon. The net result is an even 
distribution of bonding electrons around the entire molecule. So dipoles that 
are of equal strength but pull in opposite directions in a molecule effectively 
cancel each other, with the result that the molecule as a whole is nonpolar. 

Figure 31 illustrates a similar situation ¡in boron trifluoride, BF;, where 
three fluorine atoms are oriented 120° from one another around a central boron 
atom. Because the angles are all the same and because each fluorine atom pulls 
on the electrons of its boron-fluorine bond with the same force, the resulting 
polarity of this molecule 1s zero. 


LEARNING OBJECTIVE 


Recognize the important role 

that molecular interactions play in 
determining the physical properties 
of a material. 


4 Figure 30 

There is no net dipole in a carbon dioxide 
molecule, so the molecule is nonpolar. This 
is analogous to two people in a tug-of-war. 
As long as they pull with equal force but 

in opposite directions, the rope remains 
stationary. 


4 Figure 31 

The three dipoles of a boron trifluoride 
molecule oppose one another at 

120° angles, which makes the overall 
molecule nonpolar. This is analogous to 
three people pulling with equal force on 
ropes attached to a central ring. As long 
as they all pull with equal force and all 
maintain the 120° angles, the ring will 
remain stationary. 
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) Figure 32 

Nitrogen is a liquid at temperatures below 
its chilly boiling point of —19ó°C. Nitrogen 
molecules are not very attracted to one 
another because they are nonpolar. As a 
result, the small amount of heat energy 
available at —19ó°C is enough to sepa- 
rate them and allow them to enter the 
gaseous phase. 


) Figure 33 

The two strongly electronegative chlorine 
atoms in GeCl; pull germanium”s lone pair 
inward. By analogy, if one person eases 
off in a three-way tug-of-war but the other 
†wo continue to pull, the ring moves in the 
direction of the purple arrow. 
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Gaseous N; 


Nonpolar 
molecule 


Relatively 
weak 
attraction 


Nitrogen at — 196°C 


Liquid N; 


Nonpolar molecules have only relatively weak attractions to other nonpolar 
molecules. This lack of attraction between nonpolar molecules explains the low 
boiling points of many nonpolar substances. Boiling is a process wherein the mol- 
ecules of a liquid separate from one another as they go into the øaseous phase. 
'When there are only weak attractions between the molecules of a liquid, less heat 
energy is required to liberate the molecules from one another and allow them to 
enter the gaseous phase. This translates into a relatively low boïling poiïnt for the 
liquid, as shown for nitrogen, N; in Figure 32. The boiling points of hydrogen, H.; 
oxygen, ©;; carbon dioxide, CO,; and boron trifluoride, BF:, are also quite low for 
the same reason. 

There are many instances, however, in which the dipoles of different 
bonds in a molecule do of cancel each other. Reconsider the rope analogy of 
Figure 31. As long as everyone pulls equally, the ring stays put. lImagine, 
however, that one person begins to ease off on the rope. Now the pulls are no 
longer balanced, and the ring begins to move away from the person who is 
slacking off, as Figure 33 shows. Likewise, 1f one person began to pull harder, 
the ring would move away from the other two people. 


How Atoms Bond 


A similar situation occurs in molecules in which polar covalent bonds are 
not equal and opposite. Perhaps the most relevant example is water, H,O. Each 
hydrogen-oxygen covalent bond has a relatively large dipole because of the 
great electronegativity difference. Because of the bent shape of the molecule, 
however, the two dipoles, shown in blue in Figure 34, do not cancel each other 
the way the C-O dipoles in Figure 30 do. Instead, the dipoles in the water mole- 
cule work together to give an overall dipole, shown ïn purple, for the molecule. 


CÔNG EPTICHECK 


Which of these molecules is polar, and which is nonpolar? 
F F H F 
` ⁄ ` z 
C==€ C==€ 
z \ 7 
F F H F 


CHECK YOUR ANSWER Symmetry is often the greatest clue for determining 
polarity. Because the molecule on the left is symmetrical, the dipoles on the two sides 
cancel each other. This molecule ¡is therefore nonpolar. 


F F 
. ?. 
C=C ô+ƒC—C ô- 
ứ Z2 ẮX 

F H F 


Because the molecule on the right ¡is less symmetrical (more “lopsided”), ít is a 
polar molecule. 


Figure 35 ¡llustrates how polar molecules electrically attract one another 
and, as a result, are relatively difficult to separate. In other words, polar mol- 
ecules can be thought of as being “sticky,“ which is why it takes more energy 
to separate them——to change the substance”s phase. For this reason, substances 
composed of polar molecules typically have higher boiling points than sub- 
stances composed of nonpolar molecules, as Table 3 shows. Water, for example, 
boils at 100°C, whereas carbon dioxide boils at -79°C. This 179°C difference is 
quite dramatic when you consider that a carbon dioxide molecule is more than 
twice as massive as a water molecule. 


(a) (b) 
^ Figure 34 


(a) The individual dipoles in a water 
molecule add together to give a large 
overall dipole for the whole molecule, 
shown in purple. (b) The region around the 
oxygen atom is therefore slightly negative, 
and the region around the two hydrogen 
atoms is slightly positive. 


4 Figure 35 

Water molecules attract one another 
because each contains a slightly posi- 

tive side and a slightly negative side. The 
molecules position themselves in such a 
way that the positive side of one faces the 
negative side of a neighbor. 
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CHEMICAL 
CONNECTIONS 


How is a glacier connected to 
a lone pair of electrons? 


) Figure 3ó 

Gil and water are difficult to mix, as is 
evident from this beach scene show- 

ing oil washed up from the Deepwater 
Horizon oil spill of 2010 in the Gulf of 
Mexico—the largest accidental oil spill in 
human history. The oil came from a sea- 
floor oil gusher that released an estimated 
53,000 barrels every day for three months 
before it was finally capped. Petroleum- 
based oil molecules are not able to com- 
pete with the attraction water molecules 
have for themselves, which is why the oil 
and water don”t mix. 
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TABLE 3 
SUBSTANCE 


Polar 


Boiling Points of Some Polar and Nonpolar Substances 


BOILING POINT (°€) 


Hydrogen fluoride, HF 
Water, H;O 
Ammonia, NH; 


Nonpolar 

Hydrogen, H„ 
Oxygen, O„ 
Nitrogen, N; 

Boron trifluoride, BF; 
Carbon dioxide, CO, 


Because molecular “stickiness“ can play a lead role in determining a 
substance“s macroscopic properties, molecular polarity is a central concept of 
chemistry. Figure 3é helps bring to mind, in a tragic way, the fact that oil (both 
petroleum-based oil and cooking oil) and water don/t mix. lt's not, however, that 
oil and water repel each other. Rather, water molecules are so attracted to them- 
selves because of their polarity that they pull themselves together. The nonpolar 
oil molecules are thus excluded and left to themselves. We see this in a bottle of 
oil and vinegar salad dressing. After the bottle is shaken vigorously, the water 
molecules of the vinegar cling together, excluding the oil molecules, which 
separate into their own layer. Being less dense than water, the oil rises to the top. 

The shape of a molecule, as determined by VSEPR, plays a major role in deter- 
mining the polarity of that molecule. A moleculefs polarity, in turn, has a great 
influence on macroscopic behavior. Consider what the world would be like if the 
Oxygen atom in a water molecule did not have its two nonbonding pairs of elec- 
trons. Instead of being bent, each water molecule would be linear, much like carbon 
dioxide. The dipoles of the two hydrogen-oxygen bonds would cancel each other, 
which would make water a nonpolar substance and give it a relatively low boiling 
point. Water would not be a liquid at the ambient temperatures of our planet, and 
wein turn would not be here discussing these concepts. We should be thankful that 
the oxygen within water has two nonbonding pairs. Thafs good chemistry. 
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Chapter RCeVICW 


LEARNING OBJECTIVES 


ldentify paired and unpaired electrons within an 
electron-dot structure. (1) 


Úse the periodlic table to predlict the type of ion 
an atom tends to form. (2) 

Describe how ions combine to form ionic 
compounds. (3) 

Relate the properties of a metal to how the atoms 
of that metal are chemically bonded. (4) 

Describe how atoms combine to form covalent 
compounds. (5) 

Predict the shape of a small molecule using the 
valence-shell electron-pair repulsion model. (é) 
Differentiate between ionic, polar covalent, and nonpolar 
covalent chemical bonds. (7) 


Recognize the important role that molecular interactions 
play in determining the physical properties of a material. (8) 


— Ouestions †1—3, 37-40 

— Ouestions 4-ó, 41-47 

—> Ouestions 7-9, 27, 29-32, 48-50 
— Ouestions 10-12, 51, 52, 74, 75 

—> Ouestions 13—1ó, 53-58 

— Ouestions 17-19, 28, 59-á2 

—> Ouestions 20-22, 33, 35, ó3-ó7 

—> Ouestions 23-2ó, 34, 3ó, ó8-73 


SUMMARY OF TERMS (KNOWLEDGE) 


ATloy A mixture of two or more metallic elements. 


Covalent bond A chemical bond in which atoms are held 
together by their mutual attraction for one or more pairs 
of electrons they share. 


Covalent compound A substance, such as an element or a 
chemical compound, in which atoms are held together by 
covalent bonds. 


Dipole A separation of charge that occurs in a chemical bond 
because of differences in the electronegativities of the 
bonded atoms. 


Electron-dot structure A shorthand notation o£ the shell model 
of the atom, in which valence electrons are shown around 
an atomic symbol. The electron-dot structure for an atom 
or ion is sometimes called a Lewis dot symbol, while the 
electron-dot structure of a molecule or polyatomic ion is 
sometimes called a Ler0is sfrucfre. 


Electronegativity The ability of an atom to attract a bonding 
païr of electrons to itself when bonded to another atom. 

lon An atom having a net electrical charge because of either a 
loss or gain of electrons. 

lonic bond A chemical bond in which there is an electric force 
of attraction between two oppositely charged ions. 

lonic compound À chemical compound containing ions. 

Metallic bond A chemical bond in which positively charged 
metal ions are held together within a “fluid” of loosely 
held electrons. 


Molecule The fundamental unit of a chemical compound, 
which is a group of atoms held tightly together by 
covalent bonds. 


Nonbonding pairs Two paired valence electrons that are not 
pArticipating in a chemical bond. 


Nonpolar Said of a chemical bond or molecule that has no 
dipole. In a nonpolar bond or molecule, the electrons are 
distributed evenly. 


Ore A geologic deposit containing relatively high 
concentrations of one or more metal-containing 
compounds. 

Polar Said of a chemical bond or molecule that has a dipole. 
In a polar bond or molecule, electrons are congregated 
to one side. This makes that side slightly negative, 
while the opposite side (lacking electrons) becomes 
slightly positive. 

Polyatomic ion An ionically charged molecule. 

Substituent A term used to describe an atom or a nonbonding 
paIr of electrons surrounding a centrally located atom. 

Valence electrons The electrons in the outermost occupied 
shell of an atom. 

Valence shell The outermost occupied shelÏl of an atom. 

Valence-shell electron-pair repulsion A model, also known 
as VSEPR (pronounced ves-per), that explains molecular 
geometries in terms o£ electron pairs striving to be as far 
apart from one another as possible. 
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READING CHECK OUESTIONS 


1 Electron-Dot Structures 


(COMPREHENSION) 


14. How many electrons are shared in a double covalent 


1. How many electrons can occupy the first shell? 
How many can occupy the second shell? 


2. Which electrons are represented by an electron-dot 
structure? 


3. How do the electron-dot structures of elements in 
the same group in the periodic table compare with 
one another? 


2 Atoms Can Lose or Gain Electrons to Become lons 


bonđ? 


15. Within a neutral molecule, how many covalent bonds 


does an oxygen atom form? 


1ó. Within a polyatomic ion, how many covalent bonds does 


ó 


a negatively charged oxygen form? 


Valence Electrons Determine Molecular Shape 


17. What does VESPR stand for? 


. How does an ion differ from an atom? 


- To become a negative Ion, does an atom lose or øgain 
electrons? 


- Why does the fluorine atom tend to gain only one 
electron? 


3 lonic Bonds Result from a Transfer of Electrons 


18. What is meant by the term subst/tuenf? 


19. How many substituents does the oxygen atom in a water 


7 


molecule have? 


Polar Covalent Bonds—Uneven Sharing of Electrons 


20. 
21. 


7. Which elements tend to form ionic bonds? 


8. Suppose an oxygen atom gains two electrons to become 
an oxygen ion. What is its electric charge? 


9. What is an ionic crysta]? 


4 The Electrons of Metallic Bonds Are Loosely Held 


22. 


8 


What is a dipole? 


'Which element in the periodic table has the greatest 
electronegativity? Which has the least electronegativity? 


'Which is more polar: a carbon-oxygen bond or a 
carbon-nitrogen bond? 


Molecular PolarityUneven Distribution of 
Electrons 


23. 


10. Do metals more readily gain or lose electrons? 
11. What ¡s an alloy? 
12. What is a native metal? 


5 Covalent Bonds Result from a Sharing of Electrons 


24. 


25. 


13. Which elements tend to form covalent bonds? 


CONFIRM THE CHEMISTRY 


27. View crystals of table salt with a magnifying glass Or, 
better yet, a microscope if one is available. lf you do 
have a microscope, crush the crystals with a spoon and 


examine the resulting powder. Purchase sodium-free salt, 


28 


which is potassium chloride, KCI, and examine these ionic 


crystals both intact and crushed. Sodium chloride and 


potassium chloride both form cubic crystals, but there are 


significant differences. What are they? 


H H 
| À ;H 
AE Vộm 
Sẽ lãi H H 


Dichloromethane, CH;C];, tetrahedron 
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Ethane, C;Hạ, two tetrahedrons 


26. 


How can a molecule be nonpolar when it consists Of 
atoms that have different electronegativities? 


'Why do nonpolar substances boil at relatively low 
temperatures? 


'Which has a greater degree of symmetry: a polar molecule 
or a nonpolar molecule? 


Why don't oïl and water mix? 


(HANDS-ON APPLICATION) 


.- The following are the structures you may have come up 
with for the chemical compounds given in the Hands-On 
Chemistry activity at the beginning of this chapter. 
Looking for more challenges? Try building the structures for 
carbon dioxide, CO,; water, H,O; and ammonia, NH:. All 
Of these structures were given to you in this chapter. For an 
ultimate challenge, try benzene, C.H.„ or acetic acid, C,H,O,. 


“—=.—... 


lội—=(GIE=t==ini 
Acetylene, CH;, linear 
:O =Ó): 


\ 
H 


Hydrogen peroxide, HạO;, two bent 


shapes stuck together 
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THINK AND SOLVE 


29. Ores of manganese, Mn, sometimes contain the mineral 
rhodochrosite, MnCO;, which is an ionic compound of 
manganese ions and carbonate ions. How many electrons 
has each manganese atom lost to make this compound? 


30. What ¡s the electric charge on the calcium ion in calcium 
chloride, CaC],? 


THINK AND COMPARE (ANALYSIS) 


33. Rank the following in order of increasing polarity 
6b Eỗi b. O-H c  N-H 
34. Rank the following compounds ¡in order of increasing 
boiling point: 
a. Fluorine, E; 
b. Hydrogen fluoride, HE 
c. Hydrogen chloride, HCI 


THINK AND EXPLAIN (SYNTHESIS) 


1 Electron-Dot Structures 


(MATHEMATICAL APPLICATION) 


31. Magnesium ions carry a 2+ charge, and chloride ions 
carry a 1— charge. What is the chemical formula for the 
ionic compound magnesium chloride? 


32. Barium Ions carry a 2+ charge, and nitrogen ions carry 
a 3- charge. What is the chemical formula for the ionic 
compound barium nitride? 


35. Rank the following in order of increasing symmetry: 
Œt.. Giũb¡ b. NH; c. H,O 

3ó. Rank the following ¡in order of increasing boiling point: 
a._ CH¡ b. NH; c. H,O 


3 lonic Bonds Result from a Transfer of Electrons 


37. How do the electron-dot structures of elements in the 
same period in the periodic table compare with one 
another? 


38. How many more electrons can fit within the valence shell 
of a fluorine atom? 

39. How many more electrons can fit within the valence shell 
of a hydrogen atom? 

40. How is the number of unpaired valence electrons in an 
atom related to the number of bonds that the atom can 
form? 


2 Atoms Can Lose or Gain Electrons to Become lons 


41. The valence electron of a sodium atom does not sense the 
full 11+ of the sodium nucleus. Why? 


42. Why is it so easy for a magnesium atom to lose two 
electrons? 


43. Why doesn/t the neon atom tend to lose or gain any 
electrons? 


44. Why does an atom with few valence electrons tend to lose 
these electrons rather than gain more? 


45. Why does an atom with many valence electrons tend to 
gain electrons rather than lose any? 


4ó. Sulfuric acid, H;5O,, loses two protons to form what 
polyatomic ion? What molecule loses a proton to form the 
hydroxide ion, OH? 

47. Which should be larger, the potassium ion, K*, or the 
potassium atom, K? Which should be larger, the potas- 
sium ion, K*, or the argon atom, Ar? Please explain. 


48. Which should be more difficult to pull apart: a sodium 
ion from a chloride ion or a potassium ion from a chloride 
ion? Please explain. 


w® 


¡;.—==-= 
Shorter distance 
between positive 
and negative charges 


= 
Longer distance 
between positive 
and negative charges 


49. Which are closer together: the two nuclei within potas- 
sium fluoride, KE, or the two nuclei within molecular 
fluorine, F„? Please explain. 

50. Two fluorine atoms join together to form a covalent bond. 
Why don't two potassium atoms do the same thing? 


4 The Electrons of Metallic Bonds Are Loosely Held 


51. Given that the total number of atoms on our planet 
remains fairly constant, how is it ever possible to deplete 
a natural resource such as a metal? 

52. An artist wants to create a metal sculpture using a mold 
so that his artwork can be readily mass-produced. He 
wants his sculpture to be exactly 6 inches tall. Should the 
mold also be 6 inches tall? Why or why not? 


5 Covalent Bonds Result from a Sharing of Electrons 


53. What happens when hydrogen“s electron gets close to the 
valence shell of a fluorine atom? 
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14. 
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'What drives an atom to form a covalent bond: its nuclear 
charge or the need to have a filled outer shelÏ? Please 
explain. 

Atoms of nonmetallic elements form covalent bonds, but 
they can also form ionic bonds. How is this possible? 


'Write the electron-dot structure for the covalent 
compound ethane, C„H,. 

'Write the electron-dot structure for the covalent 
compound hydrogen cyanide, HCN. 


'Write the electron-dot structure for the covalent 
compound acetylene, C„H;. 


6 Valence Electrons Determine Molecular Shape 


selenium-chlorine (Se-C]) bond? 


6ó. True or False: The greater the nuclear charge of an atom, 
the greater its electronegativity. Please explain. 


67. True or False: The more shells in an atom, the lower Its 
electronegativity. Please explain. 


8 Molecular PolarityUneven Distribution of Electrons 


59. Why is a germanium chloride molecule, GeC],„ bent even 


ó0. 


ó1. 


62. 


7 Polar Covalent Bonds—Uneven Sharing of Electrons 


thouph there are only two atoms surrounding the central 
germanium atom? 

Write the electron-dot structure for the covalent com- 
pound hydrogen peroxide, H;O:. 

Examine the 3-dimensional geometries of PE; and SE, 


shown below. Which do you think is the more polar 
compound? 


F F 
: |. L F VF 
ly = » 
F F 
PF: SFa 


The electron-pair geometry of water is tetrahedral, but 
its molecular shape is bent. Is this contradictory? Why or 
why not? 


63. 


64. In each of the molecules shown below, which atom carries 


65. 


THINK AND DISCUSS 


7461) 
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'What is the source of an atom“s electronegativity? 


the greater positive charge? 


H-C] Br-F @=) Br-Br 
Which is more polar, a sulfur-bromine (S-Br) bond or a 


This chapter goes into a fair amount of detail explain- 
¡ng WHY oil and water don“t mix and WHY water has 
a high boiling point. The reason why, of course, can 
be traced all the way back to the presence of two lone 
pairs of electrons on the oxygen atom of each water 
molecule. What value is there in understanding these 
sorts of details? 


(EVALUATION) 


ó8. Water, HO, and methane, CH,„ have about the same mass 
and differ by only one type of atom. Why is the boiling 
point of water so much higher than that of methane? 

69. Circle the molecule from each pair that should have a 
higher boiling point: (atomic numbers: C]=17; O=8; 
C=‹ó6,H—]) 


gì Cl H Cl 
\ JE ` ⁄ 
=C C=C€C 
⁄ ` 7 \ 
H H ii H 
Cl CÌ H 
` 
C=O C=C 
n 
li li, lãi 


70. Compared to borane, BH;why 1s ammonia, NH¿, 
more polar? 


71. Three kids sitting equally apart around a table are sharing 
jelly beans. One of the kids, however, tends to take jelly 
beans and only rarely øives one away. If each Jjelly bean 
represents an electron, who ends up being slightly nega- 
tive? Who ends up being slightly positive? Is the negative 
kiđ just as negative as one of the positive kids 1s positive? 
Would you describe this as a polar or nonpolar situation? 
How about if all three kids were equally greedy? 


72. Which is stronger: the covalent bond that holds atoms 
together within a molecule or the electrical attraction 
between two neighboring molecules? JPlease explain. 


74. What should be done with the mining pits after all the ore 
as been removed? Consider the open-pit copper mine of 
Figure 14. 


75. What are some of the obstacles people face when trying 
to recycle materials? How might these obstacles be over- 
come in your community? Should the government require 
that certain materials be recycled? If so, how should this 
requirement be enforced? 
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READINESS ASSURANCE TEST (RAT) 


TƑ uou haue a qood handle ơn this chapter, then you should be able to 
score at leqst 7 out 0ƒ10 ơn this RAT. Check your anstUers online at 
tuiui0.ConceptualChermistr.com. lƒ you score less tham 7, you need 
to stIdU ƒurther beƒ0re m00ïng 0n. 


Choose the BEST answer to the following. 
†1. An atom loses an electron to another atom. Is this an 
example of a physical or chemical change? 
a. Chemical change involving the formation of lons. 
b. Physical change involving the formation of ions. 


c. Chemical change involving the formation of covalent 
bonds. 


d. Physical change involving the formation of covalent 
bonds. 


2. Aluminum lons carry a 3+ charge, and chloride Ions carry 
a 1- charge. What would be the chemical formula for the 
ionic compound aluminum chloride? 


Ä loi 
b. AICI, 
K Ti C, 
d. AICI 


3. Which would you expect to have a higher melting point: 
sodium chloride, NaC], or aluminum oxide, Al,O;? 


a. The aluminum oxide has a higher melting point 
because it is a larger molecule and has a greater 
number of molecular interactions. 


b. NaCl has a higher melting point because it is a solid 
at room temperature. 


c. The aluminum oxide has a higher melting point 
because of the greater charges of the ions and hence 
the greater force of attractions between them. 


d. The aluminum oxide has a higher melting point 
because of the covalent bonds within the molecule. 


4. Atoms of metallic elements can form ionic bonds, but they 
are not very good at forming covalent bonds. Why? 


a. These atoms are too large to be able to come in close 
contact with other atoms. 


b. They have a great tendency to lose electrons. 
c. Their valence shells are already filled with electrons. 
d. They are on the wrong side of the periodic table. 
5. Why are ores so valuable? 
a. They are sources of naturally occurring gold. 
b. Metals can be efficiently extracted from them. 
c. They tend to occur in scenic mountainous regions. 


d. They hold many clues to the Earths natural history. 


6. 


10. 


Distinguish between a metal and a metal-containing 
compound. 


a. There is no distinction between the two. 
b. Only one of these contains ionic bonds. 
c. Only one of these contains covalent bonds. 


d. Only one of these occurs naturally. 


. In terms of the periodic table, is there an abrupt or gradual 


change between ionic and covalent bonds? 
a. An abrupt change occurs across the metalloids. 


b. Actually, any element of the periodic table can form a 
covalent bond. 


c. There is a gradual change: the farther apart, the more 
1OTIC. 

d. Whether an element forms one or the other debends 
on nuclear charge and not on the relative positions in 
the periodic table. 


. A hydrogen atom does not form more than one covalent 


bond because it 
a. has only one shell of electrons. 
b. has only one electron to share. 
c. loses its valence electron so readily. 
d. has such a strong electronegativity. 


. When nitrogen and fluorine combine to form a molecule, 


the most likely chemical formula is 
a. N;F 
b. N,E. 
c. NHị,, 
d. NE. 
e. NE:. 


A substance consisting of which molecule shown below 
should have a higher boiling point? 


S=C=O O=C=O 
a. The molecule on the left, SCO, because it comes later 


in the periodic table. 


b. The molecule on the left, SCO, because it has less 
symmetry. 

c. The molecule on the right, OCO, because it has 
more symmetry. 


d. The molecule on the right, OCO, because it has 
more mass. 
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COonfextual ChemniStrV 


Toxic Wastes and the Superfund Act 


he story of one of the most 
significant environmental disas- 
ters involving chemical pollut- 

ants began in 1892. This was the year 
when developer William T. Love pro- 
posed the building of a canal linking 
the upper and lower portions of the 
Niagara River, which is the river feed- 
¡ng Niagara Falls in western New York. 
By 1910, however, the project had 
lost its financial backing and all that 
remained was a ditch some é0O feet 
wide and 3000 feet long. Located just 
east of the town of Niagara Falls, the 
ditch was purchased by the Hooker 
Chemical Corporation, which main- 
tained ít as a dump site for toxic 
chemical wastes, including poisonous 
heavy metals such as mercury and can- 
cer-causing solvents such as benzene. 
By the early 1950s, Love Canal was 
completely filed and covered over 
with earth, creating a long vacant field. 

At about this time, the population 
of the town of Niagara Falls was grow- 
¡ng rapidly and more land was needed 
for the building of new communities. 
In 1953, a local school board, using 
the threat of eminent domain, con- 
vinced Hooker Chemical to sell the 
land above and around Love Canal. 
Hooker sold the land for $1, with a 
warning of the dangers of the toxic 
wastes and a dlisclaimer of all subse- 
quent liability. An elementary school 
was soon built directly above the toxic 
wastes, along with 800 single-family 
homes and 240 apartments in the sur- 
rounding neighborhood. 

Over the years, the buried canisters 
ruptured, spewing their toxic contents 
underground. Being close to Lake 
Erie, the water table of Love Canal is 
close to the surface. After heavy rains, 
the water table would rise to mix with 
the leaking toxic wastes, which would 
leach away toward the basements of 
neighboring houses. ln some places, 
the wastes would leach directly to 
the surface. The residents complained 
about foul odors and health issues, 
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but city and county officials did not 
know how to respond aside from 
installing fans in homes or covering 
pools of toxic wastes with dlirt. 


^ Figure †1 
A 1978 aerial view of the south end of the 
Love Canal district. 


Finally, ¡in 1978, health officials 
began to study the situation. They 
found numerous toxins in the sur- 
rounding soil and were able to cor- 
relate these toxins to reported health 
problems such as miscarriages and 
birth defects. The school was closed, 
and 239 families living on or imme- 
diately adjacent to Love Canal were 
evacuated. A fence was built around 
the canal to keebp people away from 
the toxic wastes. The many families liv- 
¡ng just outside the fenced area, how- 
ever, grew increasingly angry. They 
not only continued to face unusual 
health problems but also were unable 
to move away, because their homes 
were no longer sellable. Their con- 
cerns capturedl little attention until on 
May 19, 1980, they held hostage two 
representatives of the Environmental 
Protection Agency (EPA), with the 
demand that the government buy 
their homes so that they could relo- 
cate. Within a few days, then-pres- 


ident Jimmy Carter promised the 
funding that allowed all Love Canal 
families to leave. 

Love Canal turned the nation's atten- 
tion to the problem of toxic wastes. lt 
was soon recognized that Love Canal 
was just one ofthousandls ofareas where 
†oxic wastes were improperly disposed 
of. To remedy this massive problem, 
in December 1980, Congress enacted 
the Comprehensive Environmental 
Response, Compensation, and Liability 
Act, which established a “Superfund” 
that would provide the money to 
clean up abandoned hazardous sites. 
This fund was to be supported by 
special taxes on ¡industries related 
to the production of toxic chemi- 
cals. Furthermore, in cases where the 
polluter could be identified, the act 
granted the government the author- 
ity to enforce a “polluter pays” policy. 
For example, the federal government 
spent $101 million from the Superfund 
to remedy the Love Canal toxic wastes. 
By 1995, federal courts ruled that the 
Hooker Corporation, despite its origi- 
nal disclaimer, was liable. Occidental 
Petroleum, which had bought Hooker 
in 19ó9, was thus required to reimburse 
the $101 million to the Superfund and 


^ Figure 2 

Clean up at Love Canal involved the removal 
of easily accessible toxic-waste containers, 
as shown here, along with polluted soil. lt 
was deemed, however, that the bulk of the 
buried toxic wastes would be too dangerous 
†o remove. lnstead, the site was capped with 
a thick layer of water-resistant clay. Also, a 
trench system was dug around the site to 
direct groundwater to a specially designed 
water treatment facility. 


to pay the $27 million in interest the 
Superfund would have earned had this 
money not been spert. 

Over ¡its history, however, the 
Superfund has received only a smaill 
fraction of its funding from the col- 
lection of fines from the polluters. 
The reason ¡is that in many cases, 
the polluter cannot be identified or 
has since gone out of business or 
has no money to pay. Then in 1994, 
Congress decided that chemical 
industries should no longer pay the 
Superfund tax. As shown in Figure 3, 
until that year, these taxes (shown in 
green) were the main source of fund- 
¡ng. Since then, the government has 
had to dedicate increasing amounts 
of public money each year to keep 
the Superfund program afloat. For 
example, the 2009 economic stimulus 
program of the Obama administra- 
tioön directed $600 million to specific 
Superfund sites that were in danger of 
no longer being supported. As of the 
writing of this edition, there has been 
a growing political will to reinstate the 
Superfund taxes on industries. 

Since its enactment, the Superfund 
program has taken responsibility for 
about 1ó00 toxic-waste sites. Cleanup 
efforts have been completed at about 
300 of these sites. Of the stil-active 
sites, another 700 or so are near comple- 
tion. Most of these sites, however, are 
small sites where the cleanup has been 
relatively easy. A greater proportion of 
the remaining sites are the so-called 
“megasites,“ which will require decades 
of cleanup efforts and _environmental 
monitoring. To find the Superfund site 
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nearest to where you live and to learn 
the story of how it came to be there, 
visit www.eba.gov/superfund. 


CONCEPTCHEC€CK 


Why were heavy rains particularly 
dangerous for the former residents 
of Love Canal? 


WAS THIS YOUR ANSWER? Heavy 
rains raised the water table, allow- 
ing it to mix with the hazardous 
wastes, which would then leach out- 
ward to the surrounding homes. 


Think and Discuss 


1. In a 1983 settlement, Occidental 
Petroleum paid $20 million to 
1328 residents of Love Canal and 
set aside another $1 million for a 
medical trust fund. Do you think 
this was sufficient, too little, or 
too much? Why? Consider that 
the deeds of the homeowners 
contained clauses warning them 
of the health risks of the area. 


2. Why did the town of Niagara 
Falls not have to pay into the 
Superfund, especially given that it 
pressured the Hooker Corporation 
into selling the land? Might the 
town have been liable had it taken 
the land against the will of Hooker 
by way of eminent domain? 


3. In the 1940s, it was the accepted 
rule that if a company owned a 
parcel of land, the company had 


the right to use that land as a 
dump site for whatever materials 
it wanted to dispose of, including 
hazardous wastes. Accordingly, 
Hooker had the right to use Love 
Canal as a toxic-waste reposi- 
tory. Was ¡t fair, then, that the 
parent company of the Hooker 
Corporation had to pay for the 
cleanup of Love Canal? 


Over many years, the Homeowners 
Associaton of Wide Beach 
Development, New York, along 
the shores of Lake Erie, sprayed 
thousands of gallons of waste oil 
onto area dlirt roads to control 
dust. Unknown to the associa- 
tiön, this oil contained danger- 
ous_ cancer-causing chemicals 
known as PCBs. Should the Wide 
Beach Development qualify as 
a Superfund site, or should the 
Homeowners Association take 
care of the problem themselves? 


. The American Chemical Council, 


which represents chemical indus- 
tries, argues that Superfundl taxes 
unfairly punish all chemical manu- 
facturers for the mistakes of a few. 
Furthermore, all consumers ben- 
efit from the products (from soaps 
to toys to computers) of chemical 
manufacturers, so supporting the 
Superfund with public taxpayer 
money is most appropriate. Do 
you agree or disagree? Why? 


TOTAL REVENUE 
Fines and penalties 
Interest 


Suporftund taxes 


General tunds 


1981 1983 1985 1987 toao 19981 10o3 1095 1097 Mod 2001 2003 200s 2007 


^ Figure 3 


Partial contributions from various sources to the Superfund trust fund from 1981 through 2007. Note 
that in 1993, Superfund taxes accounted for about 70 percent of the trust revenue. More recently, the 
proportion of revenue coming in from fines has been small. Thus, the “bpolluter pays” ethic of the original 
Superfund Act has been essentially lost. 
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Solutions to Odd-Numbered Chapter Ouestions 


1. Two electrons fit in the first shell. Eight electrons fit in the 
second shell. 


3. Electron-dot structures of elements in the same group have 
the same number of valence electrons. 


5. A gain of electrons causes a negatively charged ion. 


7. Elements on opposite sides of the periodic table tend to form 
ionic bonds. 


9. An ionic crystal is composed of a multitude of ions grouped 
together in a highly ordered 3-dimensional array. 


11. An alloy is a mixture composed of two or more metallic 
elements. 


13. Elements that tend to form covalent bonds are primarily 
nonmetallic elements. 


15. Oxygen can form two covalent bonds. 
17. VSEPR stands for valence-shell electron-pair repulsion. 
19. AnO atom in a water molecule has four substituents. 


21. Fluorine has the greatest electronegativity, and francium 
has the smallest electronegativity. 


23. Dipoles that are equal and opposite each other cancel each 
other out. 


25. Nonpolar molecules tend to have a greater degree of 
symmetry. 


27. The potassium chloride crystals are more rounded at the 
edges because they are softer crystals. One of the reasons they 
are softer is because the ionic bond between potassium and 
chlorine ions is weaker than the ionic bond between sodium 
and chlorine ions. The reason the bond is weaker is because the 
potassium ions are larger than the sodium ions, which means 
the potassium ions cannot get as close to the oppositely charged 
chloride ions. When it comes to the electric attractions, the far- 
ther away, the weaker the force. 


29. According to Table 1, the carbonate ion carries a 2— charge, 
which means it has picked up two electrons. These two electrons 
must have come from the single manganese ion to which it 
is bound. 


31. MgCL. (Two single negatively charged chlorine ions are 
needed to balance the one double positively charge magnesium 
ion.) A shortcut to solving these sorts of problems is to take the 
charge of one ion and make ït the subscript of the opposite ion. 


212 


For example, take the 2+ charge of the magnesium and make 
it the subscript on the chlorine. Then take the 1— charge on the 
chlorine and make that the subscript of the magnesium. Because 
numeral 1 subscripts are implied when not written, we have not 
Mg¡Cl;„ but MgCl. 


33. Least polar to most polar C—H<NÑ—~H<O—H 


Explanation: The greater the difference in electronegativity 
between bonded atoms, the greater the polarity of the bond. 


35.c<b<a 


37. Elements in the same period (horizontal row) of the 
periodic table have valence electrons in the same noble gas 
shells. Their electron dot structures, however, are quite different. 
Moving from left to right across the period, the number of elec- 
trons in the electron-dot structure increases by one for each ele- 
ment. 


39. There is room for only one additional electron within the 
valence shell of a hydrogen atom. 


41. There are two inner shells of electrons that shield the valence 
electron from the nucleus. 


43. Neon“s outermost electrons are held tightly to the atom by 
a relatively strong effective nuclear charge. Neon doesnt gain 
additional electrons because no more room is available ¡n its 
outermost occupied shell. 


45. Atoms with many valence electrons, such as fluorine, E, 
tend to have relatively strong forces of attraction between their 
valence electrons and the nucleus. This makes it difficult for 
them to lose electrons. It does, however, make it easy for them 
to gain additional electrons. 


47. The potassium atom with an additional shell of one electron 
1s larger than the potassium ion, K". Both the potassium ion, KT, 
and the argon atom, Ar, have the same number of electrons in 
the same number of shells. The nuclear charge of the potassium 
ion, however, is greater, and this has the effect of pulling the 
shells of electrons in closer. The argon atom, Ar, therefore, is the 
larger of the two. 


49. Carefully consider the differences between these two 
compounds. Where the potassium fluoride contains a potassium 
lon, the molecular fluorine contains a fluorine. What then are 
the differences between the potassium ion and the fluorine 
atom? Eirst, consider size. The potassium ion has three full 
shells of electrons, which makes it larger. The đistance between 
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the two nuclei of the fluorine atoms within E;„ therefore, should 
be closer together. Second, consider the type of bonding. The F; 
compound is covalent. This involves the overlapping of shells, 
which allows the nuclei to be closer. So by both considerations, 
the nuclei of molecular fluorine, E;„ should be closer together. 


51. The problem is not whether we have the metal atoms on this 
planet—we do. The problem is in the expense of collecting them. 
This expense would be too great if the metal atoms were evenly 
distributed around the planet. We are fortunate, therefore, that 
geological formations contain metal ores that have been concen- 
trated by natural processes. Keep in mind that we are able to 
recycle only the metal atoms that we produce ourselves. lf we 
dorít recycle these metal atoms, we TI find substantial shortages 
of new metal ores from which to feed our ever-growing appetite 
for metal-based consumer øoods and building materials. 


53. Hydrogen“s electron joins the valence shell of the fluorine 
atom. Meanwhile, fluorine”s unpaired valence electron joins the 
valence shell of hydrogen. 


55. When bonded to an atom with low electronegativity, sụch 
as any group 1 element, the nonmetal atom pulls the bonding 
electrons so closely to itself that an ion is formed. 


57. The electron-dot structure for hydrogen cyanide, HCN, ¡is 
H—CE=N: 
Hydrogen cyanide 


59. The germanium atom of germanium chloride has a lone 
paIr of electrons that pushes the two substituent chlorine atoms 
away from a 180 orientation. 


61. The compound SE¿ can be expected to be a more polar com- 
pound than PE; because it is less symmetrical. Note that the 
three mid-level fluorines in PH; are in an orientation such that 
their electron pulls on the phosphorus balance each other out. 
For the SE, by contrast, the two mid-level fluorines, which are 
shown to the right, have no fluorine atom on the opposite side 
of the sulfur to balance their electron pulls. As a result, these two 
mid-level fluorines will be effective at pulling electrons toward 
them, thus making that side of the molecule slightly negative. 


63. The source of an atom“s electronegativity is the positive 
charge of the nucleus. More specifically, it is the effective nuclear 
charge experienced within the shell that the bonding electrons 
are OCcupying. 


65. A selenium-chlorine bond should be more polar. Observe 
their relative positions in the periodic table. Sulfur and bromine 
are more equidistant from the upper right-hand corner. 


67. Sometimes true and sometimes false. Within any one atomic 
group, as the number of shells increases, the electronegativity 
decreases. A group 17 bromine atom, however, has four shells of 
electrons, yet its electronegativity is greater than that of a group 
1 lithium atom, which has only two shells. 


69. a. The left compound with the two chlorines on the same 
side of the molecule is more polar and will thus have a 
higher boiling point. 


b. The chlorine atoms have a relatively strong electronega- 
tivity that pulls electrons away from the carbon. In the left 
molecule, COC1H„ this tug of the chlorines is counteracted by 
a relatively strong tug of the oxygen, which tends to defeat 
the polarity of this molecule. The hydrogens of the molecule 
on the right, C,H;Cl,„ have an electronegativity that is less 
than that of carbon; so they actually assist the chlorines in 
allowing electrons to be yanked toward one side, which 
means this molecule is more polar. A material consisting of 
the molecule on the right, C.H,C]1.„ therefore, has the higher 
boiling point. 


71. The sinple greedy kids ends up being slightly negative, 
while the two more generous kids are slightly positive (deficient 
of electrons). The greedy negative kids are actually twice as 
negative as one of the positive kids is positive. In other words, if 
the greedy kid had a charge of —1, each positive kid would have 
a charge of +0.5. This is a polar situation where the electrons are 
not đistributed evenly. If all three kids were equally greedy, then 
the situation would be more balanced (that is, nonpolar). 


73. We understand that muscles require exercise in order to stay 
in shape. What many people don”t understand ¡s that the brain is 
the same way——it too requires exercise in order to stay in shape. 
Furthermore, similar to the way your muscles become stronger 
with extra exercise, your mental capacities become stronger 
with extra mental exercise. This is one of the main reasons we 
go to school for so many years—we understand the value and 
benefits of a mind that is well exercised and ¡in shape. And as 
you will likely discover, learning continues throughout one“s 
life. But learning about the molecular nature of our environment 
is valuable for more than just the mental exercise. By under- 
standing nature at this level, we gain a deeper appreciation, and 
with deeper appreciation comes greater respect. More than ever, 
humans are having a great impact on the environment. Should 
we đo so mindlessly or mindfully? By studying chemistry, you 
have đecided for the latter. We thank you! 


75. People face many obstacles to recycling. There“s confusion 
about what can and canít be recycled. There“s concern about 
how clean a container must be before it can be recycled. Some 
people dont know or understand the value of recycling. Others 
may be a bit lazy when it comes to recycling. To overcome obsta- 
cles such as these, campaligns can be used to educate the general 
public. An easy-to-read pamphet describing the do”s and don ts 
of recycling can be effective. These recycling educational cam- 
paigns are typically sponsored by local governments together 
with local recyling companies. State and federal governments 
also can play a role in educating the general public and ¡in 
setting packaging standards for companies that use recyclable 
material to package their goods. Many states offer refunds for 
empty containers. Some communities even fine individuals 
who đo not sort plastics correctly. Other communities ask their 
citizens not to sort at all, under the philosophy that the task of 
sorting inhibits peoples tendency to recycle. Ultimately, this is 
a global issue such that people of all nations should be encour- 
aged not to waste material resouirces. 
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Mix 


From Chapter 7 of Concepiual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^^ Water in these hot springs is loaded with calcium 
carbonate, a mineral that calcifies to form these 
spectacular pools of Pamukkale, Turkey. 


1 Four Different Types of Dipole 
Attractions 

2 A Solution ls a Single-Phase 
Homogeneous Mixture 

3 Concentration ls Given as Moles 
per Liter 


4 Solubility Is How Well a Solute 
Dissolves 


5 Soap Works by Being Both Polar 
and Nonpolar 


Softening Hard Water 
Purifying the Water We Drink 
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HOW MOIGCUlGsS 
Mix 


THE MAIN IDEA 
La ¬>¬ 


Molecules are “sticky. “ 
` Ị 


In this chapter, we look at how the ions of ionic com- 
pounds and the molecules of covalent compounds——once 
created——interact to form mixtures, which, as you know, is 
a phụsical change. 

So when you stir sugar into water, the sugar crystals 
disappear, but where do they go? What does it means 
to say that one solution is more concentrated, while 
another is more dilute? Why does a warm soda fizzle in 
your mouth more than a cold one does? How does soap 
remove water-resistant grime? What is “hard water,“ and 
why does it hinder soap from working? How is water 
made safe for drinking, and why is it so difficult to create 
fresh water from ocean water? The answers to these sorts 
of questions involve an understanding of mixtures. 
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moment it is all absorbed, add 
another drop. Continue adding 
drops in this fashion, allowing 
the water to spreadl radially 
through the paper. 

. The different color combonents 
of the ink will separate while the 
water travels through the paper. 
Experiment using dlifferent inks 
and paper. Try other solvents, 
such as rubbing alcohol, 
fingernail-polish remover, or 
white vinegar. 


Circular Rainbows 


We can separate the components of 

ink through a technique called paper 
chromatography. All you need are 

some felt-tib pens or water-soluble 3 
markers; some porous paper, such 

as a paper towel, table napkin, or 

coffee filter; and some water. 


PROCEDURE 


1. Place a concentrated dot of ink 
at the center of the piece of 
pOrous paper. 

2. Dip your finger in some water 
so that a drop of water hangs 
from the tip of your finger. 
Touch this drop of water to the 
dot of ink and watch the water 
get absorbed by the paper. The 


ANALYZE AND CONCLUDE 


1. The different combonents of 
the ink have dlffering affinities 
for the paper and the mobile 
solvent. Which components 
have a greater affinity for the 


+ Four Different Types of Dipole Attractions 


EXPLAIN THIS 
ls it possible for a fish to die from drowning? 


A bit of review should prove helpful for your conceptual understanding of this 
chapter on mixtures. First, compounds can have what we call a đipole. What 
this means 1s that the electrons within the compound are not distributed evenly. 
Instead, they tend to congregate preferentially to one side of the compound. 
An extreme case of a dipole occurs within an ionic compound such as sodium 
chloride, NaCL. With sodium chloride, the bonding electrons spend almost all 
of their time with the chlorine. This transforms the chlorine atom into a nega- 
tively charged chloride ion, Cl , while the sodium becomes a positively charged 
sodium ion, Na . Sodium chloride, NaC], has a very high boiling point, around 
1413°C, because of the strong attractions among all the highly charged sodium 
and chloride ions. 

A milder form of a dipole occurs with water, in which the oxygen atom 
of each water molecule pulls electrons away from the hydrogen atoms. This 
makes the oxygen side of the water molecule slightly negative, while the 
hydrogen side is slightly positive. A molecule with such a dipole is said to be a 
polar molecule. Water has a relatively high boiling point of 100°C because of the 
electrical attractions among all the polar water molecules. 

We begin this chapter on mixtures by describing four kinds of molecular 
attractions, as shown in Table 1. Each is electrical in nature, involving the attrac- 
tion between positive and negative changes. 


lon-Dipole Attractions 


What happens to polar molecules, such as water molecules, when they are 
near an ionic compound, such as sodium chloride? The opposite charges 
electrically attract one another. A positive sodium ion attracts the negative 


TABLE 1 


paper? Which have a greater 
affinity for the water? 


. Why doesn't the ink from a 
permanent marker work for this 
activity? 

. How do you suppose a chemist 
separates the Silisisnt products 
she* createdl through a 
chemical reaction? 


LEARNING OBJECTIVE 


ldentify four different typbes of 
dipole attractions and their role in 
determining the physical properties 
of a material. 


Molecular Attractions 
Involving Dipoles 
RELATIVE 


ATTRACTION STRENGTH 


lon-dipole Strongest 


Dipole-dipole 


Dipole-induced 
dipole 


Induced dipole— 


induced dipole Weakest 
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) Figure 1 lon-dipole attractions 
Electrical attractions are shown as a series 


of overlapping arcs. The blue arcs indicate "` 
negative charge, and the red arcs indicate ni ®-))⁄(© )t: @ 
positive charge. 

lon lon 


Polar Polar 
molecule molecule 


side of a water molecule, and a negative chloride ion attracts the positive 
side of a water molecule. This phenomenon is illustrated in Figure 1. Sụch an 
attraction between an ion and the dipole of a polar molecule ¡is called an 7ơ1— 
đipole attraction. 

lon-dipole attractions are much weaker than ionic bonds. However, a 
large number of ion-dipole attractions can act collectively to disrupt ionic 
bonds. This is what happens to sodium chloride in water. Attractions exerted 
by the water molecules break the ionic bonds and pull the ions away from one 
another. The result, represented in Figure 2, 1s a solution of sodium chÏloride in 
water. (A solution in water is called an aqweows solufiơn.) 


Dipole-Dipole Attractions 


An attraction between two polar molecules ¡is called a đipole-dipole attraction. 
An unusually strong dipole-dipole attracHon ¡is the hydrogen bond. This 
attraction occurs between molecules that have a hydrogen atom covalently 
bonded to a smail, highly electronegative atom, usually nitrogen, oxygen, or 
fluorine. The electronegativity of an atom describes how well that atom ¡s able 
to pull bonding electrons toward itself. The greater the atom“s electronegativity, 
the better it is able to attract bonding electrons and become negatively charged. 

Look at Figure 3 to see how hydrogen bonding works. The hydrogen side of 
a polar molecule (water, in this example) has a partial positive charge because 
the more electronegative oxygen atom pulls more strongly on the electrons of the 
covalent bond. The hydrogen is therefore electrically attracted to a pair of non- 
bonding electrons on the partially negatively charged atom of another molecule 
(ín this case, another water molecule). This mutual attraction between hydrogen 
and the negatively charged atom of another molecule is a hydrogen bond. 

Even thouph the hydrogen bond is much weaker than any covalent or ionic 
bond, the effects of hydrogen bonding can be very pronounced. Water owes 
many of its properties to hydrogen bonds, for instance. The hydrogen bond is 
also of great importance in the chemistry of the large molecules, such as DNA 
and proteins. 


) Figure 2 

Sodium and chloride ions tightly bound 

in a crystal lattice are separated from 

one another by the collective attraction sodium 
exerted by many water molecules to form chloride 


an aqueous solution of sodium chloride. crystal 


lon-dipole 
| attraction 


Aqueous solution of sodium chloride 
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Dipole-lnduced Dipole Attractions 


In many molecules, the electrons are distributed evenly, so there is no dipole. 
The oxygen molecule, ©,„ is an example. Such a nonpolar molecule can be 
induced to become a temporary dipole, however, when it is brought close to 
a water molecule (or to any other polar molecule), as Figure 4 illustrates. The 
slightly negative side of the water molecule pushes the electrons in the oxygen 
molecule away. Thus, the oxygen molecule“s electrons are pushed to the side 
that is farther from the water molecule. The result is a temporarily uneven 
distribution of electrons called an induced dipole. The resulting attraction 
between the permanent dipole (water) and the induced dipole (oxygen) is a 
dipole-tnduced đipole dipole attraction. 


CONCEPTCHECKE 


How does the electron distribution in an oxygen molecule change when 
the hydrogen side of a water molecule ¡is nearby? 


CHECK YOUR ANSWER Because the hydrogen side of the water molecule is 
slightly positive, the electrons in the oxygen molecule are pulled toward the water 
molecule, inducing in the oxygen molecule a temporary dipole in which the larger side 
is nearer the water molecule (rather than as far away as possible, as shown in Figure 4). 


Remember, induced dipoles are only temporary. lí the water molecule 
in Figure 4b were removed, the oxygen molecule would return to its normal, 
nonpolar state. In general, dipole-induced dipole attractions are much weaker 
than dipole-dipole attractons. But dipole-induced dipole attractions are strong 
enough to hold relatively small quantities of oxygen dissolved in water, as 
depicted in Figure 5. This attraction between water and molecular oxygen is vital 
for fish and other forms of aquatic life that rely on molecular oxygen dissolved 
1n Wwater. 

Dipole-induced dipole attracHons are also responsible for holding plastic 
wrap to glass, as shown in Figure ó. These wraps are made of very long non- 
polar molecules that are induced to have dipoles when placed in contact with 
ølass, which ¡is highly polar. As we will discuss next, the molecules of a nonpo- 
lar material, such as plastic wrap, can also induce đipoles among themselves. 
This explains why plastic wrap sticks not only to polar materials such as ølass 
but also to itself. 


CONCGEPTCHECK 


Distinguish between a dipole-dipole attraction and a dipole-induced 
dipole attraction. 


CHECK YOUR ANSWER The dipole-dipole attraction ¡is stronger and involves 
†wo permanent dipoles. The dipole-induced dipole attraction is weaker and involves a 
permanent dipole and a temporary one. 


Dipole-induced dipole 
attraction 


{«œ) cà) lu 


Isolated oxygen molecule Induced dipole 
(nonpolar) (oxygen molecule) 


(a) () 


Permanent dipole 
(water molecule) 


Dipole-dipole 
attraction 
(hydrogen 
bond) 


^ Figure 3 

The dipole-dipole attraction 
between two water molecules is a 
hydrogen bond because it involves 
hydrogen atoms bonded to highly 
electronegative oxygen atoms. 


4 Figure 4 

(a) An isolated oxygen molecule has 

no dipole; its electrons are distributed 
evenly. (b) An adjacent water molecule 
induces a redlistribution of electrons in the 
oxygen molecule. (The slightly negative 
side of the oxygen molecule is shown 

as larger than the slightly positive side 
because the slightly negative side contains 
more electrons.) 
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"x.... .-. 


ls it possible for the electrons of an 
atom or a nonpolar molecule to be 
bunched to one side? 


^ Figure 5 

The electrical attractiòon between water 
and oxygen molecules is relatively weak, 
which explains why not much oxygen is 
able to dissolve in water. For example, 
water fully aerated at room temperature 
contains only about 1 oxygen molecule 
for every 200,000 water molecules. The 
gills of a fish, therefore, must be highly 
efficient at extracting this molecular 
oxygen from water. 


^ Figure ó 
Temporary dipoles induced in the normally 
nonpolar molecules in plastic wrap make it 
stick to glass. 


Nonpolar Temporary dipole 
argon in argon 
^ Figure 7 


The electron distribution in an atom is 
normally even. At any given moment, 
however, the electron distribution may 
be somewhat uneven, resulting in a 
temporary dipole. 
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Induced Dipole-lnduced Dipoles Attractions 


Individual atoms and nonpolar molecules, on average, have a fairly even dis- 
tribution of electrons. Because of the randomness of electron đistribution, how- 
ever, at any øgiven moment, the electrons in an atom or a nonpolar molecule may 
be bunched to one side. The result is a temporary dipole, as shownin Figure 7. 

Just as the permanent dipole of a polar molecule can induce a dipole in 
a nonpolar molecule, a temporary dipole can do the same thing. This gives 
rise to the relatively weak ?mduced đipole-induced đipole attraction, illustrated 
1n Figure 8. 


CO MCEPTGHECGK 


Distinguish between a dipole-induced dipole attraction and an induced 
dipole-induced dipole attraction. 


CHECK YOUR ANSWER The dipole-induced dipole attraction ¡is stronger and 
involves a permanent dipole and a temporary one. The inducedl dipole-induced dipole 
attraction is weaker and involves two temporary dipoles. 


Induced dipole-induced dipole attractions (sometimes called đispersion 
ƒorces) help explain why natural gas is a gas at room temperature but gasoline 
1s a liquid. The major component of natural gas is methane, CH„ and one of 
the major components of gasoline is octane, C.H¡;¿. We can see in Figure 9 
that the number of induced dipole-induced dipole attractions between two 
methane molecules is appreciably less than the number between two octane 
molecules. You know that two small pieces of Velcro are easier to pull apart 
than two long pieces. Like short pieces of Velcro, methane molecules can be 
pulled apart with little effort. Thats why methane has a low boiling point, 
—161°C, and is a gas at room temperature. Octane molecules, like long strips 
of Velcro, are relatively difficult to pull apart because of the larger number of 
induced đipole-induced dipole attractions. The boiling poïnt of octane, 125°C, 
is therefore much higher than that of methane, and octane is a liquid at room 
temperature. (The greater mass of octane also plays a role in making its boiling 
point higher.) 

Induced dipole-induced dipole attractions also explain how the gecko 
can race up a glass wall and support its entire body weight with only a 
single toe. A gecko“s feet are covered with billions of microscopic hairs 
called spafulae, each of which is about 1/300 as thick as a human hair. The 
force of attraction between these hairs and the wall ¡is the weak induced 
dipole-induced dipole attraction. But because there are so many hairs, the 
surface area of contact 1s relatively great; hence, the total force of attraction 
1s enouph to prevert the gecko from falling (Figure 10). Research is currently 
unđer way to develop a synthetic, dry glue based on gecko adhesion. Velcro, 
watch outl 


COIMCEPTGHECK 


Methanol, CH:OH, which can be used as a fuel, is not much larger than 
methane, CH¡, but it is a liquid at room temperature. Suggest why. 


CHECK YOUR ANSWER The polar oxygen-hydrogen covalent bond in each 
methanol molecule leads to hydrogen bonding between molecules. These relatively 
strong interparticle attractions hold methanol molecules together as a liquid at room 
temperature. 
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Induced dipole— 
induced dipole attraction 


Temporary dipoles are more significant for larger atoms. A reason for this 
1s that their outermost electrons are relatively far from the nucleus as well as 
from each other. As a result, these electrons are easily “pushed around,“ as 
described in Figure 11. Thus, larger atoms are sometimes described as “soft”—— 
more like a marshmallow than a marble. The technical term for this property 1s 
polarizabilit/. VWe say that a larger atom is more “polarizable,“ which means it 
can form an induced dipole more easily. 

Fluorine is one of the smallest atoms, which means it is a “hard” atom (like 
a marble) and not very polarizable. Nonpolar molecules made with fluorine 
atoms exhibit only very weak induced dipole-induced dipole attractions. This 
is the principle behind the Teflon? nonstick surface. The Teflon? molecule, 
part of which is shown in Figure 12, is a long chain of carbon atoms chemically 
bonded to fluorine atoms, and the fluorine atoms exert essentially no attrac- 
tions on any material in contact with the Teflon” surface—scrambled eggs in a 
frying pan, for instance. 


Induced dipole— 


\ induced dipole attractions 
b—= đ 
>—< 
>—< 
ca 


(a) Methane molecules 


(b) Octane molecules 


^ Figure 9 

(a) Two nonpolar methane molecules are attracted to each other by induced dipole-induced 
dipole attractions, but there is only one attraction per molecule. (b) Two nonpolar octane 
molecules are similar to methane molecules, but they are longer. The number of induced 
dipole-induced dipole attractions between these two molecules is therefore greater. 


) Figure 10 

lf the gecko's foot is so sticky, how does the gecko keep its feet clean? Answer: The gecko's 
foot is extremely nonpolar. Dirt may stick to it briefly, but after a few steps, the dirt sticks better 
to the surface upon which the gecko walks. 


4 Figure 8 

Because the normally even distribution 
of electrons in atoms can momentarily 
become uneven, atoms can be attracted 
to one another through induced dipole— 
induced dipole attractions. 


FORYOUR 


&@ INFORMATION 


Dipole-induced dipole attractions 
are sometimes called Debye forces, 
while induced dipole-induced dipole 
attractions are sometimes called 
London dispersion forces, or more 
simply London forces. Each of these 
are the last names of the 20th-century 
scientists who first described them. 
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Induced dipole— 
induced dipole 
attraction 


lodine 
molecule 


Electrons can bunch to one 
side without experiencing 
strong electrical repulsions 
among themselves. 


Fluorine 


molecules 


ở Negligible 


intermolecular 
attractions 


% 


Electrons are confined to 
a small space; therefore, 
they repel one another 
and remain fairly evenly 


lodine, l;, a solid at 
(a) room temperature 


) Figure 12 

Few things stick to Teflon® because of the 
high proportion of fluorine atoms that 

it contains. The structure depicted here 

is only a portion of the full length of the 
molecule. 


LEARNING OBJECTIVE 
Describe the formation of saturated 


and unsaturated solutions from a 
molecular point of view. 
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distributed. 


Fluorine, F›, a gas at 
(b) room temperature 


^ Figure 11 

(a) Temporary dipoles form more readlly in larger atoms, such as those in an iodine molecule, 
because in larger atoms, electrons are more loosely held and can bunch to one side and still be 
relatively far apart from one another. (b) In smaller atoms, such as those in a fluorine molecule, 
electrons are tightly held and cannot bunch to one side so well because the repulsive electric 
force increases as the electrons get closer together. 


—— 


2 A Solution ls a Single-Phase Homogeneous Mixture 


EXPLAIN THIS 


In “The Wizard of Oz,“ was the Wicked Witch of the West melting in the 
water that Dorothy threw on her? 


What happens when table sugar, known chemically as sucrose, is stirred into 
water? Is the sucrose destroyed? We know it isnt because it sweetens the 
water and all we have to do is evaporate the water and the sugar reappears in 
1ts solid form. When sucrose 1s dissolved in water, does it disappear because 
1t somehow ceases to occupy space or because it fits within the nooks and 
crannies of the water? Not so, for the addition of sucrose changes the volume. 
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This may not be noticeable at first, but if you continue adding sucrose to a 
glass of water, you ]Ï see that the water level rises, just as it would if you were 
adding sand. 

Sucrose stirred into water loses its crystalline form. Each sucrose crystal con- 
sists of billions upon billions of sucrose molecules packed neatly together. When 
the crystal 1s exposed to water (as shown in Figure 13), an even greater number 
of water molecules pull on the sucrose molecules via hydrogen bonds formed 
between the sucrose molecules and the water molecules. With a little stirring, 
the sucrose molecules soon mix throughout the water. In place Of sucrose CryS- 
tals and water, we have a homogeneous mixture of sucrose molecules in water. 
Tlơnoseneous means that a sample taken from any part of a mixture is the same 
as a sample taken from any other part. In our sucrose example, this means that 
the sweetness of the first sip of the solution is the same as the sweetness of the 
last sp. 

Recall that a homogeneous mixture consisting of a single phase is called 
a solution. Sugar water is a solution in the liquid phase. Solutions arenft 
always liquids, however. They can also be solid or gaseous, as Figure 14 
shows. Gemstones are solid solutions. A ruby, for example, is a solid solution 
of trace quantities of red chromium compounds in transparent aluminum 
oxide. A blue sapphire is a solid solution of trace quantities of light green 
iron compounds and blue titanium compounds in aluminum oxide. Another 
1mportant example of solid solutions ¡is metal alloys, which are mixtures of 
different metallic elements. The alloy known as brass is a solid solution of 
copper and zinc, for instance, and the alloy stainless steel is a solid solution 
of iron, chromium, nickel, and carbon. 

An example of a gaseous solution ¡s the air we breathe. By volume, this 
solution is 78 percent nitrogen gas, 21 percent oxygen gas, and 1 percent other 
gaseous materials, including water vapor and carbon dioxide. The air we exhale 
1s a gaseous solution of 75 percent nitrogen, 14 percent oxygen, 5 percent carbon 
dioxide, and around 6 percent water vapor. The difference between the air we 
inhale and exhale is a result of the chemical changes goïng on within our bodies. 

In describing solutions, the component present in the largest amount is the 
solvent and any other components are solutes. For example, when a teaspoon 
of table sugar is mixed with 1 liter of water, we identify the sugar as the solute 
and the water as the solvent. 

The process of a solute's mixing with a solvent ¡s called dissolving. To 
make a solution, a solute must dissolve in a solvent; that is, the solute and 
solvent must form a homogeneous mixture. Whether one material dissolves 
¡in another is a function of the electrical attractions between their molecules. 
The stronger these electrical attracHons are, the greater the likelihood that 
dissolving wilÏ occur. 


Aqueous solution 
Of sucrose 


Sucrose 
molecule 


FORYOUR 
&@ INFORMATION 
Be it large or small, an individual 
sugar crystal is transparent. A 
teaspoon of table sugar appears 
white because of the way light 
gets scattered as it passes in and 
out of the numerous tỉny crystals 
at numerous different angles. 
Technically speaking, when table 
sugar dissolves in water, it is this 
scattering effect that disappears, 
not the sugar itself. 


"H.-.....- 


What is the difference between the 
solvent and the solute? 


4 Figure 13 

Water molecules pull the sucrose 
molecules in a sucrose crystal away from 
one another. This pulling away does not, 


however, affect the covalent bonds within 
each sucrose molecule, which ¡is why each 
dissolved sucrose molecule remains intact 


as a single molecule. 


223 


224 


How Molecules Mix 


^ Figure 14 


Solutions may occur in (a) the solid phase, (b) the liquid phase, or (c) the gaseous phase. 


CO M€ổETBT€CHECGK 


What ¡is the solvent in the gaseous solution we call air? 


CHECK YOUR ANSWER Nitrogen ¡s the solvent, because it is the component 
present in the greatest quantity. 


There is a limit to how much of a given solute can be dissolved in a given 
solvent, as Figure 15 illustrates. We know that when you add sugar to a glass 
of water, for example, the sugar rapidly dissolves. As you continue to add 
sugar, however, there comes a point when it no longer dissolves. Instead, it 
collects at the bottom of the glass, even after stirring. At this point, the water 
1s saurated with sugar, meaning that the water cannot accept any more sugar. 
When this happens, we have what is called a saturated solution, defined as 
a solution in which no more solute can be dissolved. A solution that has not 
reached the limit of solute that will dissolve is called an unsaturated solution. 


Unsa†uro†ed solu†ion 


50 g sucrose 
undissolved 


(a) 150 g sucrose in (b) 200 g sucrose in (c) 250 g sucrose in 
100 mL water at 20°C 100 mL water at 20°C 100 mL water at 20°C 
^ Figure 15 


A maximum of 200 grams of sucrose dissolves in 100 milliliters of water at 20°C. (a) Mixing 

150 grams of sucrose in 100 milliliters of water at 20°C produces an unsaturated solution. 

(b) Mixing 200 grams of sucrose in 100 milliliters of water at 20°C produces a saturated solution. 
(c) lf 250 grams of sucrose is mixed with 100 milliliters of water at 20°C, 50 grams of sucrose 
remains undissolved. (As we discuss later, the concentration of a saturated solution varies with 
†emperature.) 
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3 Concentration ls Given as Moles per Liter 


EXPLAIN THIS 


What is the solvent in brown sugar? 


The quantity of solute dissolved ¡in a solution is described in mathematical 
terms by the solution“s concentration, which is the amount of solute dissolved 
per amount of solution: 


amount of solute 


concentration = : 
amount of solution 

For example, a sucrose-water solution may have a concentration of 1 gram 
Of sucrose for every liter of solution. This can be compared with concentra- 
tions of other solutions. À sucrose-water solution containing 2 grams of 
sucrose per liter of solution, for example, is more concentrated, and one 
containing only 0.5 gram of sucrose per liter of solution is less concentrated, 
or more dilute. 

Chemists are often more interested in the number of solute particles in a 
solution than in the number of grams of solute. Submicroscopic particles, how- 
ever, are so very small that the number of them in any observable sample 1s 
incredibly large. To avoid awkwardly large numbers, scientists use a unit called 
the mole. One mole of any type of particle is equal to 6.02 < 10 particles. (This 
superlarge number is 602 billion trillion, or 602,000,000,000,000,000,000,000 
particles.) (Interestingly, the term Øole is derived from the Latin word 7oles, 
meaning heap, mass, or pile.) 

One mole of gold atoms, for example, is 6.02 x 10” gold atoms, and 
1 mole of sucrose molecules is 6.02 < 10 sucrose molecules. 

Even if you/ve never heard the term 1ole before now, you are already famil- 
lar with the basic idea. Saying “one mole” is Just a shorthand way of saying 
“six poïnt oh two times ten to the twenty-third particles.“ Just as “a couple of” 
means two of something and “a dozen of“ means 12 of something, “a mole 
of” means 6.02 x 1023 of some elementary unit, such as atoms, molecules, or 
ions. I[Es as simple as that: 


® a couple of coconuts = 2 coconuts 
® a dozen doughnuts = 12 doughnuts 
® a mole of molecules = 6.02 x 10? molecules 


One mole of gold atoms, for example, is 6.02 < 10 gold atoms, and 1 mole 
of sucrose molecules ¡is 6.02 x 10?” sucrose molecules. A stack containing 
“1 mole“ of pennies would reach a height of about 860 quadrillion kilometers, 
which ¡is roughly equal to the diameter of our galaxy, the Milky Way. And 
“1 mole“ of marbles would be enough to cover the entire land area of the 50 
Dnited States to a depth greater than 1.1 kilometers. 

But sucrose molecules are so small that 6.02 x 10? of them are in only 
342 grams of sucrose, which is about a cupful. Thus, because 342 grams of 
sucrose contains 6.02 x 1023 molecules of sucrose, we can use our shorthand 
wording and say that 342 grams of sucrose contains 1 mole of sucrose. As 
Figure 1ó shows, therefore, an aqueous solution that has a concentration 
of 342 grams of sucrose per liter of solution also has a concentration of 
6.02 x 102? sucrose molecules per liter of solution, or, by definition, a concen- 
tration of 1 mole of sucrose per liter of solution. The number of grams tells 
you the mass of solute in a given solution, and the number of moles indicates 
the actual number of molecules. 


LEARNING OBJECTIVE 


Describe the components of a 
solution and calculate a solution's 
concentration. 


ïĂM:....... 


What does concentration measure? 
FORYOUR 


&@ INFORMATION 


It would take 11.6 days of nonstop 
counting to count to a million. 

To count to a billion would take 

31.7 years. To count to a trillion would 
take 31,700 yearsl Counting to a 
trillion 602 billion times would take 
about 2 million times the estimated 
age of the universe. In short, 

602 billion trillion, 6.02 x 10”, is an 
inconceivably large number. 


Whewl This espresso is 
reolly concen†ra†edl 


Ahh. Ay regular coffee 
is more dilufe. 
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) Figure 1ó 

An aqueous solution of sucrose that has 
a concentration of 1 mole of sucrose per 
liter of solution contains ó.02 x 103 
sucrose molecules (342 grams) in every 
liter of solution. 


soluTio 


Sucrose 200 g | 3.5 < 103 
Water 100 g | 3.3 < 102 


^ Figure 17 

Although 200 grams of sucrose is twice as 
massive as 100 grams of water, there are 
about 10 times as many water molecules 
in 100 grams of water as there are sucrose 
molecules in 200 grams of sucrose. How 
can this be? Each water molecule is about 
one-twentieth as massive (and much 
smaller) than each sucrose molecule. 


FORYOUR 


&@ INFORMATION 


A “mole” of stacked pennies would 
stretch across our galaxy. Make this 
estimation yourself. First, measure 
the number of stacked pennies in 

1 centimeter. To find the length of 
1 “mole” of stacked pennies, take 
the number of particles in 1 mole 
(6.02 x 10?) and divide it by the 
number of pennies in 1 cm. Your 
answer will be in centimeters. To 
convert to kilometers, divide by the 
number of centimeters in a kilometer, 
which ¡s 100,000. Tall stackl 
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1 liter——> 


Sugor solu†ion 


Concentration: 
1 mole per liter 


1 mole of sucrose 
equals 
342 grams of sucrose 
equals 
6.02 x 1023 molecules of sucrose 


A common unit of concentration used by chemists is molarity, which ¡s the 
solution“s concentration expressed in moles of solute per liter of solution: 


number of moles of solute 


molarity = 
Kí liters of solution 


A solution that contaïns 1 mole of solute per liter of solution is a 1-molar 
solution, which is often abbreviated 1 MI. A 2-molar (2 M) solution contains 
2 moles of solute per liter of solution. 

The difference between referring to the number of molecules of solute and 
referring to the number of grams of solute can be illustrated by the follow- 
¡ng question. A saturated aqueous solution of sucrose contains 200 grams of 
sucrose and 100 grams of water. Which 1s the solvent: sucrose or water? 

As shown in Figure 17, there are 3.5 x 10 molecules of sucrose in 
200 grams of sucrose, but there are almost 10 times as many molecules of water 
in 100 grams of water—3.3 X 1022 molecules. As defined earlier, the solvent is 
the component present in the largest amount, but what do we mean by ø10ơun†? 
lf ammount means number of molecules, then water is the solvent. lf amount 
means mass, then sucrose is the solvent. So the answer depends on how you 
look at it. From a chemists point of view, amonf typically means the number 
of molecules, so water ¡is the solvent in this case. 


CO MCETFPICHECGK 


1. How many moles of sucrose are in 0.5 liter of a 2-molar solution? How many 
molecules of sucrose is this? 


2. Does † liter of a 1-molar solution of sucrose in water contain 1 liter of water, less 
than 1 liter of water, or more than 1 liter of water? 


CHECK YOUR ANSWER First, you need to understand that 2-molar means 
2 moles of sucrose per liter of solution. To obtain the amount of solute, you should 
multiply solution concentration by amount of solution: 


(2 moles/L)(0.5 L) = 1 mole, which is the same as ó.02 x 1023 molecules. 


The definition of molarity refers to the number of liters of solution, not to the number 
of liters of solvent. When sucrose is added to a given volume of water, the volume of 
the solution increases. So if 1 mole of sucrose is added to 1 liter of water, the result is 
more than 1 liter of solution. Therefore, 1 liter of a 1-molar solution requires less than 
1 liter of water. 
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CALCULATION CORNER CONCENTRATING ON SOLUTIONS 


From the formula for the concentration of a solution, we can 
derive equations for the amount of solute and the amount 
of solution: 


amount of solute 


concentration of solution = : 
volume of solution 


amount of solute = 


concentration of solution X volume of solution 


amount of solute 


volume of solution = : : 
concentration of solution 


In solving for any of these values, the units must always 
match. lf concentration is given in grams per liter of solu- 
tion, for example, the amount of solute must be in grams 
and the amount of solution must be in liters. 

Note that these equations are set up for calculating the 
volume of solution rather than the volume of solvent. The 
volume of solution is greater than the volume of solvent 
because, in addition to containing the solvent, the solution 
also contains the solute. As discussed at the beginning of 
Section 2, for example, the volume of an aqueous solution 
Of sucrose depends not only on the volume of water but also 
on the volume of dissolved sucrose. 


EXAMPLE † 


How many grams of sucrose are in 3 liters of an aqueous 
solution that has a concentration of 2 ørams of sucrose per 
liter of solution? 


ANSWER †1 


This question asks for amount of solute, so you should use 
the second of the three formulas given previously: 


2 
amount of solute = — x3L=6g 


EXAMPLE 2 


A solution you are using in an experiment has a concentration 
of 10 grams of solute per liter of solution. If you pour 
enough of this solution into an empty laboratory flask so 
that the flask contains 5 grams of the solute, how many liters 
of the solution have you poured into the flask? 


ANSWER 2 
This question asks for amount of solution, and you will 
want to use the third formula: 
35 
10 g/L 


volume of solution = =0.5L 


YOUR TURN 


1. At20°C, a saturated solution of sodium chloride 
in water has a concentration of about 380 grams of 
sodium chloride per liter of solution. How many 
grams of sodium chloride are required to make 3 liters 
of a saturated solution? 


2._A student is told to use 20 prams of sodium chloride to 
make an aqueous solution that has a concentration of 
10 grams of sodium chloride per liter of solution. How 
many liters of solution does she end up with? 


Anstuers to CalculaHon Corner appear at the end oƒ the chapter. 


4 Solubility ls How Well a Solute Dissolves 


EXPLAIN THIS 


How can oxygen be removed from water? 


The solubility of a solute is its ah; to dissolve ín a solvent. As can be 
expected, solubility mainly depends on the attractions between the fundamen- 
tai particles of the solute and solvent. If a solute has any appreciable solubility 
in a solvent, then that solute is said to be soluble in that solvent. 

Solubility also depends on attractions of solute particles for one another and 
attractions of solvent particles for one another. As shown ím Figure 18, for example, 
there are many polar hydrogen-oxygen bonds in a sucrose molecule. Sucrose 
molecules, therefore, can form multiple hydrogen bonds with one another. These 
hydrogen bonds are strong enough to make sucrose a solid at room temperature 
and to give it the relatively hinh melting point of 185°C. In order for sucrose to dis- 
solve in water, the water molecules must first pull sucrose molecules away from 


LEARNING OBJECTIVE 


Discuss how solutes dissolve 
in solvents and how solubility 
changes with temperature. 


Ôn. 


Solubility depends upon what? 
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FORYOUR 
& INFORMATICON 
Water sometimes gets into the gas 
lines of cars, usually by condensing 
from moist atmosphere. ln regions 
where the winter gets super cold, 
this water can clog the gas line 
by freezing. To prevent this from 
happening, the mindful driver pours 
in a small 12-ounce bottle of gas line 
antifreeze with each fill-up. For a 
fuel-injected car, isopropyl alcohol, 
C;H;OH, is the recommended gas 
line antifreeze. For a carbureted 
car, methyl alcohol, CH:OH, is 
recommended. Just like ethanol, 
each of these alcohols is soluble 
in water. They are also soluble in 
gasoline. Their presence, therefore, 
helps the water to mix with the 
gasoline, thereby preventing a gas 
line freeze-up. 


) Figure 19 


Ethanol and water molecules are about the 


same size, and they both form hydrogen 
bonds. As a result, ethanol and water will 
readily mix with each other. 
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CH;OH 
HẬ H TEiCH ?° H 
OH H O H HO 
HO CH;OH 
H OH ©H 
Sucrose 


^ Figure 18 

A sucrose molecule contains many hydrogen-oxygen covalent bonds, in which the hydrogen 
atoms are slightly positive and the oxygen atoms are slightly negative. These dipoles in any 
given sucrose molecule result in the formation of hydrogen bonds with neighboring sucrose 
molecules. 


one another. This puts a limit on the amount of sucrose that can đissolve in water—— 
eventually, a point is reached at which there are not enough water molecules to 
separate the sucrose molecules from one another. As we discussed in Section 2, this 
is the poïint of saturation and any additional sucrose added to the solution does not 
dissolve. 

When the molecule-to-molecule attractions among solute molecules are 
comparable to the molecule-to-molecule attractions among solvent molecules, 
there is no practical point of saturation. As shown in Figure 19, for example, the 
hydrogen bonds among water molecules are about as strong as those between 
ethanol molecules. These two liquids therefore mix together quite well in just 
about any proportion. We can even add ethanol to water until the ethanol, 
rather than the water, can be considered the solvent. 

A solute that has no practical point of saturation in a given solvent is said 
to be /finitelu soluble in that solvent. Ethanol, for example, is infinitely soluble 
in water. Also, all gases are generally infinitely soluble in other gases, because 
they can be mixed together in just about any proportion. 

Lets now look at the other extreme of solubility, where a solute has very 
lite solubility in a given solvent. An example is oxygen, ©,„ in water. In con- 
trast to sucrose, which has a solubility of 200 grams per 100 milliliters of water, 
only 0.004 gram of oxygen can dissolve ¡in 100 milliliters of water. We can 
account for oxygen/“s low solubility in water by noting that the only attractions 
that occur between oxygen molecules and water molecules are relatively weak 
dipole-induced dipole attractions. More important, however, is the fact that the 
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stronger attraction of water molecules for one another—through the hydrogen 
bonds that the water molecules form with one another—effectively excludes 
oxygen molecules from intermingling with them. 

A material that does not dissolve in a solvent to any appreciable extent is 
said to be insoluble in that solvent. We consider many substances to be insol- 
uble in water, including sand and glass. Just because a material is not soluble 
in one solvent, however, does not mean it wont đissolve in another. Sand and 
glass, for example, are soluble in hydrofluoric acid, HF, which is used to give 
glass the decorative frosted look shown in Figure 20. Also, although Styrofoam"" 
1s insoluble in water, it is partially soluble in acetone, a solvent used in finger- 
nail-polish remover. Pour a little acetone into a Styrofoam*"' cụp, and the acetone 
soon causes the Styrofoam"* to deform, as demonstrated in Figure 21. 


(Œ (@) |ÍN]| Œ |5 1ƒ (6 In |3 (6 |< 
Why isn't sucrose infinitely soluble in water? 


CHECK YOUR ANSWER The attraction between two sucrose molecules is much 
stronger than the attraction between a sucrose molecule and a water molecule. Be- 
cause of this, sucrose dissolves in water only as long as the number of water molecules 
†ar exceeds the number of sucrose molecules. When there are too few water molecules 
to dissolve any additional sucrose, the solution is saturated. 


Solubility Changes with Temperature 


You probably know from experience that water soluble solids usually dissolve 
better in hot water than in cold water. A highly concentrated solution of sucrose 
in water, for example, can be made by heating the solution almost to the boiling 
point. This is how syrup and hard candy are made. 

Solubility ¡increases with increasing temperature because hot water 
molecules have greater kinetic energy and therefore are able to collide with the 
solid solute more vigorously. The vigorous collisions facilitate the disruption of 
pArticle-to-particle attractions in the solid. 

Although the solubilities of many solid solutes—sucrose, to name just one 
example——are greatly increased by rises in temperature, the solubilities of other 
solid solutes, such as sodium chỉloride, are only mildly affected, as Figure 22 
shows. This difference involves a number of factors, including the strength of 
the chemical bonds ¡in the solute molecules and the way those molecules are 
packed together. Some chemicals, such as calciim carbonate, CaCO;, actually 
become /ess soluble as the water temperature increases. This explains why the 
inner surfaces of tea kettles are often coated with calcium carbonate residues. 


^ Figure 20 
Gilass is frosted by dissolving its outer 
surface in hydrofluoric acid. 


&@ FORYOUR 
INFORMATION 

lf a hot saturated solution is allowed 
to cool slowly without disturbance, 
the solute may stay in solution. The 
result is a supersaturated solution. 
Supersaturated aqueous solutions of 
sucrose are fairly easy to make. See 
the number 29 Think and Do activity 
at the end of this chapter. 


4 Figure 21 
ls this cup melting or dissolving? 
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) Figure 22 

The solubility of many water soluble solids 
increases with temperature, while the 
solubility of others is only very slightly 
affected by temperature. 


TABLE 2 Temperature- 
Dependent Solubility 
of Oxygen Gas in 
Water at a Pressure of 


1 Atmosphere 


O; SOLUBILITY 
(g Oz/L H;O) 


TEMPERATURE €) 


) Figure 23 

The solubility of sodium nitrate is 

1ó5 grams per 100 milliliters of water at 
100°C but only 87 grams per 100 milliliters 
at 20°C. Cooling a 100°C saturated solu- 
tion of NaNO; to 20°C causes 78 grams of 
the solute to precipitate. 
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NaNO; 


LiCI 


Solubility (grams of solute 
in 100 mL of water) 


Temperature °C 


When a sugar solution saturated at a high temperature is allowed to cool, 
some of the sugar usually comes out of solution and forms what is called a 
precipitate. When this occurs, the solute, sugar in this case, is said to have 
precipitated from the solution. 

Let's put on our quantitative thinking caps and consider another example. At 
100°C, the solubility of sodium nitrate, NaNO,, in water is 165 prams per 100 mil- 
liliters of water. As we cool this solution, the solubility of NaNO, decreases, as 
shown ïn Figure 22, and this change in solubility causes some of the dissolved 
NaNO; to precipitate (come out of solution). At 20°C, the solubility of NaNO; is 
only 87 grams per 100 milliliters of water. So if we cool the 100°C solution to 20°C, 
78 grams (165 grams - 87 grams) precipitates, as shown in Figure 23. 


Solubility of Gases 


In contrast to the solubiliies of most solids, the solubilities of gases in liquids 
đecrense with increasing temperature, as Table 2 shows. This effect occurs because 
with an increase in temperature, the solvent molecules have more kinetic energy. 
Thịs makes it more difficult for a gaseous solute to remain in solution, because the 
solute molecules are literally ejected by the high-energy solvent molecules. 

Perhaps you have noticed that compared to cold carbonated beverages, 
warm ones go flat faster. The hipher temperature causes the molecules of 
carbon dioxide gas to leave the liquid solvent at a higher rate. 

The solubility of a gas ¡in a liquid also depends on the pressure of the gas 
immediately above the liquid. In general, a higher gas pressure above the liquid 
means more of the gas dissolves. A gas at a high pressure has many, many gas 
particles crammed into a given volume. The “empty“ space in an unopened 
soft drink bottle, for example, is crammed with carbon dioxide molecules in 
the gaseous phase. With nowhere else to go, many of these molecules dissolve 
in the liquid, as shown in Figure 24. Alternatively, we might say that the great 
pressure forces the carbon dioxide molecules into solution. When the bottle is 
opened, the “head” of highly pressurized carbon dioxide gas escapes. Now the 
Øas pressure above the liquid is lower than it was before. As a result, the solu- 
bility of the carbon dioxide drops, and the carbon dioxide molecules that were 
once squeezed into the solution begin to escape into the air above the liquid. 


100°C 20°C 


78 g of NaNO; 
precipitates out 
of solution 


Sa†ura†ed solu†ion 


Sa†uro†ed solu†ion 


(a) 165 g NaNO: in 100 mL water 87 g NaNO:in 100 mL water 
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Carbon dioxide, CO; 


Water, HạO 


(a) (b) 


The rate at which carbon dioxide molecules leave an opened soft drink is 
relatively slow. You can increase the rate by pouring in granulated sugar, salt, or 
sand. The microscopic nooks and crannies on the surfaces of the ørains serve as 
nucleation sifes where carbon dioxide bubbles are able to form rapidly and then 
escape by buoyant forces. Shaking the beverage also increases the surface area 
of the liquid-to-gas interface, making it easier for the carbon dioxide to escape 
from the solution. Once the solution is shaken, the rate at which carbon dioxide 
escapes becomes so øreat that the beverage froths over. You also increase the rate 
at which carbon dioxide escapes when you pour the beverage into your mouth, 
which abounds in nucleation sites. You can feel the resulting tingÌy sensation. 


CO0 CEPTCGHECK 


You open two cans of soft drink, one from a warm kitchen shelf and the 
other from the coldest depths of your refrigerator. Which provides the 
greater fizz in your mouth? 


CHECK YOUR ANSWER The solubility of carbon dioxide in water decreases 
with increasing temperature. The warm drink, therefore, will fizz in your mouth more 
than the cold one will. 


5 _Soap Works by Being Both Polar and Nonpolar 


EXPLAIN THIS 
How does washing soda help to clean laundry? 


Dirt and grease together make gr/me. Because grime contains many nonpolar 
components, it is difficult to remove from hands or clothing with water alone. To 
remove most grime, we can use a nonpolar solvent such as paint thinner, which 
dissolves the grime because of strong induced dipole-induced dipole attrac- 
tions. Paint thinner is good for removing the grime left on hands after an activity 
such as changing a car“s motor oil. But nonpolar solvents such as paint thinner 
are toxic, they have offensive odors, and they are harsh on the skin. Rather than 
washing our dirty hands and clothes with nonpolar solvents, we have a more 


4 Figure 24 

(a) The carbon dioxide gas above the 
liquid in an unopened soft drink bottle 
consists of many tightly packed carbon 
dioxide molecules that are forced by pres- 
sure into solution. (b) When the bottle ¡is 
opened, the pressure is released and car- 
bon dioxide molecules originally dissolved 
in the liquid can escape into the air. 


FORYOUR 
INFORMATION 


lt is not just dipole-induced dipole 
attractions that keep carbon dioxide 
dissolved in water. Carbon dioxide 
reacts with water to form carbonic 
acid, which is mụch more soluble in 
water. When a can of carbonated 
soda is opened, much of this carbonic 
acid rapidly transforms back into 
water and carbon dioxide, which 
quickly bubbles out of solution 
because of its low solubility. 


LEARNING OBJECTIVE 


Describe the mechanism by which 
soaps and detergents clean and 
explain how this mechanism is 
foiled by hard water. 
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What properties do soap molecules 
have? 


&@ FORYOUR 
INFORMATION 
Grease is soluble in paint thinner, 
which is why paint thinner can be 
used to clean one's hands of grease. 
But body oils are also soluble in paint 
thinner, which is why hands cleaned 


with paint thinner feel dry and 
chapped. 


Fat molecule 
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pleasant alternative—soap and water. Soap works because soap molecules have 
both nonpolar and polar properties. A typical soap molecule has two parts: a long, 
nonpolar tail of carbon and hydrogen atoms and a polar head containing at least 
one ionic bond. 


mem. 
S5 G0 28)18 8 2Ä 
H H H H 
Nonpolar tail Polar head 


Because most of a soap molecule ¡is nonpolar, it attracts nonpolar grime 
molecules via induced dipoleinduced dipole attractions (dispersion forces) 
as Figure 25 illustrates. In fact, grime quickly finds itself surrounded in three 
dimensions by the nonpolar tails of soap molecules. This attraction is usually 
sufficient to lift the prime away from the surface being cleaned. With the nonpolar 
tails facing inward toward the grime, the polar heads are all directed outward, 
where they are attracted to water molecules by relatively strong ion-dipole attrac- 
tions. lf the water is flowing, the whole conglomeration of grime and soap mol- 
ecules flows with it, away from your hands or clothes and then down the drain. 

For the past several centuries, soaps have been prepared by treating animal 
fats with sodium hydroxide, NaOH, also known as caustic lye. In this reaction, 
which is still used today, each fat molecule is broken down into three ƒnff/ acid 
soap molecules and one glycerol molecule: 


“Treat with 
NaO©H 


Three fatty acid soap molecules Glycerol molecule 


In the 1940s, chemists began developing a class of synthetic soaplike com- 
pounds known as đefereenfs, which offer several advantages over true soaps, 
such as stronger grease penetration and lower price. 

The chemical structure of detergent molecules 1s similar to that of soap 
molecules in that both possess a polar head attached to a nonpolar tail. The 
polar head in a detergent molecule, however, typically consists of either a sulfate 
group, -OSO,_„ or a sulfonate group, -SO, „ and the nonpolar tail can have an 
assortment of structures. 

One of the most common sulfate detergents is sodium lauryl sulfate, a 
main ingredient of many toothpastes. A common sulfonate detergent is sodium 
dodecyl benzenesulfonate, also known as a linear alkylsulfonate, or LAS, often 
found in dishwashing liquids. Both of these detergents are biodegradable, 
which means that microorganisms can break down the molecules once they are 
released into the environment. 


How Molecules Mix 


4 Figure 25 

Nonpolar grime attracts and is surrounded 
by the nonpolar tails of soap molecules, 
forming what is called a micelle. The 

polar heads of the soap molecules are 
attracted by ion-dipole attractions to 
water molecules, which then carry away 
the soap-grime combination. 


(Gý (Ø) |N] (2 | | 1 (S In |3 (G |. 
What type of attractions hold soap or detergent molecules to grime? 


CHECK YOUR ANSWER tfyou haven't yet formulated an answer, why not back 
up and reread the question? You've got only four choices: ion-dipole, dipole-dipole, 
dipole-induced dipole, and induced dipole-induced dipole. The answer ¡is induced 
dipole-induced dipole attractions, because the interaction is between two nonpolar 
entities—the grime and the nonpolar tail of a soap or detergent molecule. 


é¿vvvvx e ọ 


CH;CH;CH;CH;CH;CH;CH,CH,CH;,CH;CH;CH;—O—§—O~ Na* 


Sodium lauryl sulfate 


⁄ ` 
H H 
Sodium dodecyl benzenesulfonate 
ó_ Softening Hard Water 
EXPLAIN THIS LEARNING OBJECTIVE 


Why does a scum form on the surface of boiling hard water? Deseriie libue seoltrecliors can 


be removed from hard water. 
Water containing large amounts of calcium and magnesium Ions is said to be 
hard water, and it has many undesirable qualities. For example, when hard 
water is heated, its calcium and magnesium ions tend to bind with negatively 
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ls the polar head of a soap molecule 
more attracted to calcium or sodium 


ions? 


^ Figure 2ó 


Hard water causes calcium and magnesium 


compoungs to build up on the inner 


surfaces of water pipes, especially those 


used to carry hot water. 


FORYOUR 
INFORMATION 


Most modern water softeners are 


equipped with meters that let you 
know the rate at which you consume 
water. Thỉs is a great way to keep tabs 
on your water-conservation efforts. 
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Sodium carbonate, 
Na;COa 


(a) 
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charged ions also found ¡in the water to form solid compounds, like those 
shown in Figure 26. These can clog water heaters and boilers. You ]I also find 
coatings of these calcium and magnesium compounds on the inside surfaces 
of a well-used tea kettle (because the solubility of these compounds decreases 
with increasing temperature, as discussed earlier). 

Hard water also inhibits the cleansing acHons of soaps and, to a lesser 
extent, detergents. The sodium ions of soap and detergent molecules carry a 1+ 
charge, and calcium and magnesium ions carry a 2+ charge (note their positions 
in the periodic table). The negatively charged portion of the polar head of a soap 
or detergent molecule is more attracted to the double positive charge of calcium 
and magnesium ions than to the single positive charge of sodium ions. Soap 
or detergent molecules, therefore, give up their sodium ions to bind selectively 
with calcium or magnesium ions. 


Soap or detergent molecules bound to calciuim or magnesium ions tend to 
be insoluble in water. As they come out of solution, they form a scum, which 
can appear as a ring around the inside of your bathtub. Because the soap or 
detergent molecules are tied up with calcium and magnesium ions, more soap 
or detergent must be added to maintain cleaning effectiveness. 

Many detergents today contain sodium carbonate, Na;CO., commonly 
known as washing soda. The calcium and magnesium ions in hard water are 
mơre attracted to the carbonate ion with its two negative charges than they are 
to a soap or detergent molecule with its single negative charge. With the cal- 
cium and magnesium ions bound to the carbonate ion, as shown in Figure 27, 
the soap or detergent is free to do its job. Because it removes the ions that make 
water hard, sodium carbonate is known as a water-softening agent. 

In some homes, the water is so hard that it must be passed through a ¡0afer- 
softenins „mít. In a typical unit, illustrated in Figure 28, hard water is passed 
through a large tank filled with tiny beads of a water-insoluble resin known as 
an /on-exchange resin. The surface of the resin contains many negatively charged 
ions bound to positively charged sodium ions. As calcium and magnesium ions 


w Figure 27 

(a) Sodium carbonate is added to many detergents as a water-softening agent. (b) The doubly 
positive calcium and magnesium ions of hard water preferentially bind with the doubly negative 
carbonate ion, freeing the detergent molecules to do their job. 


©} 


Carbonate ion, 
COz2~ 


——> 


» 


Calcium carbonate Magnesium carbonate 
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Hard water 


Resin beads 


^ Figure 28 


Softened water 


(1) Negatively charged sites on the unused  ion-exchange resin are occupied by sodium ions. 
(2) As hard water passes over the resin, sodium ions are displaced by calcium and magnesium 


ions. (3) After the resin becomes saturated with calcium and magnesium ions, it is no longer 


effective at softening water. 


pass over the resin, they displace the sodium ions and thereby become bound 
to the resin. The calcium and magnesium ions are able to do this because their 
positive charge (2+) is greater than that of the sodium ions (1+). The calcium 
and magnesium ions therefore have a greater attraction for the negative sites 
on the resin. The net result is that for every one calcium or magnesium ion that 
binds, two sodium ions are set free. In this way, the resin excbamses ions. The 
water that exits from the unit is now free of calcium and magnesium ions, but 
it does contain sodium ions in their place. 

Eventually, all the sites for calcium and magnesium on the resin are filed, 
and then the resin needs to be either discarded or recharged. lt is recharged by 
flushing it with a concentrated solution of sodium chloride, NaC]1. The abundant 
sodium ions displace the calcium and magnesium ions (ions are excaneed once 
again), freeing up the binding sites on the resin. 


7 Purifying the Water We Drink 


EXPLAIN THIS 
Why is water so difficult to purify? 


lt is impossible to obtain 100 percent pure water. lowever, we are 
able to purify water to meet our needs. We do this by taking advan- 
taøe of the diíferences in physical propertes of water and the 
solutes or particulates it contains. 


LEARNING OBJECTIV 


Identify the industrial means by 
which water is purified. 


"h- . .- 


How do we purify our drinking water? 
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3Ca(OH); + Als(SO¿)¿ —> 2AI(OH); + 3CaSO, 


Slaked lime Aluminum Aluminum 
sulfate hydroxide 
(gelatinous) 


Slaked lime 


Aluminum 
sulfate 


Aluminum 
hydroxide 


lmpurities in water @) Slaked lime and aluminum @) Impurities captured @® Gelatinous aluminum 
sulfate added to water react by aluminum hydroxide hydroxide and impurities 
to form gelatinous aluminum as it settles. collect at bottom of basin. 
hydroxide. 
^ Figure 29 


Slaked lime, Ca(OH)„„ and aluminum sulfate, Al.(SO¿)a, react to form aluminum hydroxide, 
Al(OH);, and calcium sulfate, CaSO¿, which together form a gelatinous material. 


FORYOUR Water that is safe for drinking is said to be gofable. In the United States, 
&@ INFORMATION potable water is currently used for everything from cooking to flushing our 
toilets. The first step most public utilities take to produce potable water from 
natural sources is to remove any dirt particles or pathogens, such as bacteria. 
This is done by mixing the water with certain minerals, such as slaked lime and 
aluminum sulfate, which coagulate into a gelatinous material, that becomes 
interspersed throughout the water (Figure 29). This ¡is done ïn a large settling 
basin. 5low stirring causes the gelatinous material to clưmp together and settle 
to the bottom of the basin. As these clumps form and settle, they carry with 
them many of the dirt particles and bacteria. The water is then filtered through 
sand and gravel. 

To improve the odor and flavor of the water, many treatment facilities also 
aerate the water by cascading it through a column oÝ air, as shown in Figure 30. 
Aeration removes many unpleasant-smelling volatile chemicals, such as sulfur 
compounds. At the same time, air dissolves into the water, giving it a better 
taste—without dissolved aïr, the water tastes flat. As a final step, the water is 
treated with a disinfectant, usually chlorine gas, ClL„ but sometimes ozone, O,„ 
and then stored ín a holding tank that feeds into the city mains. 

Developed countries have the technology and infrastructure to produce 
vast quantities of water suitable for drinking—with the result that many 
citizens take their drinking water for granted. The number of public water- 
treatment facilities in developing nations, however, ¡is relatively smaill. In 
these locations, many people drink their water in the form of a hot beverage, 
such as tea, which is disinfected through boiling. Alternatively, disinfecting 
iodine tablets can be used. 

Fuel for boiling and tablets for disinfecting, however, are not always avail- 
able. As a result, more than 400 people in the world (mostly children) die every 
hour from preventable diseases or infections such as cholera, typhoid fever, 
dysentery, and hepatitis, which they contract by drinking contaminated water. 
In response, several American manufacturers have developed tabletop systems 
that bathe water with pathogen-killing ultraviolet light. One prototype model, 
shown in Figure 31, disinfects 15 gallons per minute, weighs about 15 pounds, 
and is powered by photovoltaic solar cells, which permit it to rũn unsupervised 
in remote locations. 
^ Figure 30 Aside from pathogens, untreated water from wells or rivers may contain 
Volatile impurities are removed from toxic metals that seep into the water supply from natural geologic formations. 
EHDHHð XEIELMIITREE TMIHG SEDTGIEN Many of the wells in Bangladesh, for example, are made very deep to avoid 
the columns of air within these stacks. liên Š K, p: y . P 

the pathogens that run rampant in the surface waters of the region. The water 


In the early 1990s, municipalities 

in Peru stopped chlorinating their 
drinking water. Within months, these 
municipalities were hit with 1.3 million 
new cases of cholera, resulting in 
13,000 deaths. 


236 


How Molecules Mix 


lmpure or 
contaminated 
water in 


UV light sources 
Potable 


Wwater out 


Water flow 


^ Figure 31 
Small-scale water-disinfecting units such as the one shown here hold great value in regions of 
the world where potable water is scarce. 


obtained from these deep wells, however, is highly contaminated with arsenic— 
a naturally occurring element in the Earth/s crust. The arsenic is in the underly- 
ng rock, which formed from river sediments carried down from the Himalayas. 
Because this region ¡is so densely populated, as many as 70 million people may 
be subject to some level of arsenic poisoning, which manifests itself as skin 
lesions and a higher susceptibility to cancer. Low-cost methods for removing 
arsenic from well water are greatly needed, as are worldwide recognition of this 
problem and the political, eeonomic, and social support to overcome it. 


CONCEPTCHESGK 


At a water-treatment facility, how does adding slaked lime and aluminum 
sulfate to water purify the water? 


CHECK YOUR ANSWER The water entering a water-treatment plant is usually 
a heterogeneous mixture containing suspended solids. Adding slaked lime and 
aluminum sulfate serves to capture these suspended solids, which then sink to the 
bottom, where they are easily removed. 


Fresh Water Can Be Made from Salt Water 


With the depletion of sources of natural fresh water in many regions, there has 
been growing interest in techniques for generating fresh water from the Earth“s 
far larger reserves of seawater or from Ùrackish (moderately salty) ground- 
water. Worldwide, đesalinatiơn plants operate in about 120 countries, with a 
combined capacity to produce about Z6 billion liters per day in 2010 and a pro- 
jected 126 billion liters per day by 2016. In many areas of the Caribbean, North 
Africa, and the Middle East, desalinized water is the main source of municipal 
supply (Figure 32). 

The two primary methods of removing salts from seawater or brackish water 
are đisHillaHon and reuerse osnosis. These techniques are also highly effective in 
removing a host of other contaminants, such as pathogens, fertilizers, and pesti- 
cides. Distillation and reverse osmosis, therefore, are also tsed to purify naturally 
Occurring fresh water. Many popular brands of bottled water, for example, con- 
tain fresh water that has been treated either by distillation or by reverse osmOSis. 


FORYOUR 


&@ INFORMATION 


In 1908, Jersey City, New .Jersey, 
became the first American cỉty to 
begin chlorinating its drinking water. 
By 1910, as disinfecting drinking 
water with chlorine became more 
widespread, the death rate from 
typhoid fever dropped from about 
100 to 20 lives per 100,000. By 1935, 
the death rate fell to three lives 

per 100,000. In 1960, fewer than 

20 persons in the entire United States 
died from typhoid fever. 
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CHEMICAL 
CONNECTIONS 


How is a pickle connected to 
bottled water? 


FORYOUR 

INFORMATION 
Lack of clean drinking water is one 
of the world”s leading causes of 


death, especially among children in 
developing nations. 
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^ Figure 32 
Saudi Arabia is the worlds leading producer of desalinized water. lts desalination plants, such as 
the one shown here, have a combined generating capacity of about 4 billion liters per day. 


Distllation involves vaporizing water with heat and then condens- 
¡ng the vapors into purified liquid water. Earths desalinized water is 
produced using this technique. Because water has such a hiph heat of 
vaporization, however, this technique ¡is energy ¡intensive. Solar distillers 
avoid the burning of fuels, but they require about 1 square meter of sur- 
face area to produce 4 liters of fresh water per day, as shown in Figure 33. 
For a single home or a small village, this surface-area requirement may be 
easily accommodated. 

For many regions, 7£0erse 0siosis is a preferable method of water desali- 
nation. In order to understand reverse osmosis, you must first understand 
osmosis. Qsmosis involves a semipermeable membrane. A semipermeable 
membrane contains submicroscopic pores that allow the passage of water 
molecules but not of larger solute ions or solute molecules. When a body 
of fresh water is partitioned from a body of salt water by a semipermeable 
membrane, water molecules pass from the fresh water into the salt water at 
a higher rate than from the salt water into the fresh water. The reason for 
this is the presence of more water molecules along the fresh water face of the 


Salt silicone 
water lining 


^ Figure 33 

These solar distillers are popular in the remote communities along the Texas-Mexico border, where 
the waters from the Rio Grande basin are saline and tainted by the runoff of agricultural chemicals 
from upstream irrigation. 
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Fresh water Solution 


^ Figure 34 

Osmosis. The submicroscopic pores of a semipermeable membrane allow only water molecules 
to pass. Because there are more water molecules along the fresh water face of the membrane 
than along the solution face, more water molecules are available to migrate into the solution 
than are available to migrate into the fresh water. 


membrane than along the salt water face. The result is a net movement of 
fresh water into the body of salt water, as illustrated in Figure 34. This net 
flow of water across a semipermeable membrane into a more concentrated 
solution is called osmosis. 

The result of osmosis is a buildup in volume of the salt water and a decrease 
in volume of the fresh water. These changes in volume, in turn, allow a buildup 
in pressure, called osnofic pressure. For the system in Figure 35a, osmotic pres- 
sure ¡is the consequence of the salt water“s greater height and, therefore, weight 
bearing onto the semipermeable membrane. As osmotic pressure builds, the 
rate at which water molecules are able to pass from the salt water into the 
fresh water increases. The water molecules in the salt water are literally being 
squeezed back across the membrane by the osmotic pressure. Eventually, the 
rates of water molecules passing in both directions across the membrane are the 
same, and the system reaches equilibrium, as shown in Figure 35b. If external 
pressure is applied to the salt water, even more water molecules are squeezed 
across the membrane from the salt water into the fresh water, as shown ¡in 
Figure 35c. Water forced across a semipermeable membrane into a less concen- 
trated solution is reverse osmosis. So we see that reverse osmosis is a mecha- 
nism for generating fresh water from salt water. 

The osmotic pressure for seawater, however, is an astounding 24.8 atmo- 
spheres (365 pounds per square inch). Generating pressures greater than 
this has its share of technical difficulties and is an energy-intensive process. 
Nonetheless, engineers have succeeded in building durable reverse osmosis 
units, shown in Figure 3ó, that can be networked together to generate fresh 
water from seawater at rates of millions of gallons per day. Reverse osmosis 
desalination facilities treating brackish water, which require much lower 
external pressures, are proportionately more economical. 
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) Figure 35 

(a) Osmosis results in a greater volume of 
salt water, which causes the pressure to 
increase on the salt side of the membrane. 
(b) When the pressure on the salt side 
becomes high enough, equal numbers of 
water molecules pass in both directions. 
(c) The application of external pressure 
forces water molecules to pass from 

the salt water to the fresh water so that 
now the salt-to-fresh rate exceeds the 
†resh-to-salt rate. 
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External pressure 


| 


Osmotic 
pressure 


(a) Osmosis (b) Equilibrium (c) Reverse osmosis 


Net flow Net flow 
of water of water 
molecules molecules 


GO IT(CEJPTCHECK 


Biological membranes, including cucumber membranes, are semiperme- 
able. A cucumbser shrivels to a smaller size when it is left in a solution of 
salt water. ls this an example of osmosis or of reverse osmosis? 


CHECK YOUR ANSWER No external pressure is involved, which rules out 
reverse osmosis. lnsteadl, the shriveling of the cucumber tells us that the cucumber's 
cells are losing water to the more concentratedl salt water. This is osmosis, whereby 
water molecules migrate across a semipermeable membrane into regions of higher 
salt concentrations. lÝ you were to addl a few other ingredients to the solution, such as 
spices and the right kinds of microorganisms, you would have a pickle. 


Ils Bottled Water Worth the Price? 


In the United States, natural sources of fresh water are relatively plentiful, 
allowing utilities to sell fresh water at rates of a fraction of a penny per liter. 
Nonetheless, consumers are still willing to purchase bottled water at up to $2 
per liter! Each year, Americans spend about $4 billion on bottled water. 


Semipermeable 
membrane 


Pressurized 


salt Wat€F. Concentrated 
salt solution 


Desalinated 
water 


| 


| 
\ 


l 


^ Figure 3ó 

An industrial reverse osmosis unit consists of many semipermeable membranes packed around 
highly pressurized salt water. As desalinated water is pushed out one side, the remaining salt 
water, which is now even more concentrated, exits on the other side. A network of reverse 


osmosis units operating parallel to one another can produce enormous volumes of fresh water 
from salt water. 
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Bottled water also comes with environmental costs. In the United States, 
about 29 billion water bottles are discarded each year. Of these, only about 20 
percent are recycled—the rest end up primarily in landfills. Some estimates 
show that up to 54 million barrels of oil are burned each year to meet the 
market demand for bottled water in the United States alone. To put this into 
perspective, according to the Earth Policy Institute, the volume of oil needed 
to produce a single plastic bottle 1s about one-quarter the volume of the bottle. 

In an efort to overcome the ecological negatives of bottled water and a price 
up to 1000 times that of tap water, many bottled-water marketers are now focus- 
ing on supposed peripheral benefits of their product. This includes the addition 
of đissolved oxygen, which, as was shown in Table 2, can be no more than 0.0083 
Ø/L at room temperature. For comparison, a single breath of air contains about 
100 times the amount of molecular oxygen found ïn a half liter of “oxygenated” 
water. Furthermore, most of the gases accumulated in your gut simply pass out 
the opposite end from your mouth, assuming you don/t burp. 

WOorse still are claims of bottled water that contains “functional” water in 
which the structure of water has been modified using undetectable “subtle 
energy“ to make the water more nutritious. There is also water through which 
an electric current has been passed. The water companies claim that this cre- 
ates two forms of water: alkaline and acidic. The alkaline water, they say, is 
good for you because it is “ionized, restructured, micro-clustered, activated, 
hydrogen-saturated, and oxidation-reduced.“ These sorts of misleading 
claims take advantage of the millions of people who dont understand that 
modifying the structure of water, H,O, gives you something that is no longer 
water. Buyer beware! Water is H;©. If is not H;©O, it isn“t water. Interestinply, 
about 25 percent of bottled water sold in the United States is simply municipal 
water that has been purified via reverse osmosis. Many homeowners are now 
discovering that rather than purchasing purified water, it is less expensive and 
more ecologically sound to install a small reverse osmosis unit in their own 
home. Eor fun, carbonators can also be installed so that you can have your very 
own soda fountain, as shown in Figure 37. 


^ Figure 37 

Carbonating your own water is not 

only fun but also cheaper and more 
ecologically sound than purchasing your 
soda from a store. 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


ldentify four different types of dipole attractions and  their 


role in determining the physical properties of a material. (1) —> Questions 1-4, 23, 33, 35-39 
Describe the formation of saturated and unsaturated solutions 

from a molecular point of view. (2) —> Questions 5-7, 40-42 

Describe the components of a solution and calculate a solution's 

concentration. (3) —> Questions 8-10, 25-32, 43-45 
Discuss how solutes dissolve in solvents and how solubility 

changes with temperature. (4) —> Questions 11-13, 24, 34, 4é-5ó, ó7 


Describe the mechanism by which soaps and detergents clean 


and explain how this mechanism is foiled by hard water. (5) Ouestions 14-1é, 57-59 
Describe how dissolved ions can be removedl from hard water.(ó) -—> Ouestions 17-19, óO, ó1 


ldentify the industrial means by which water is purified. (7) —>_ Questions 20-22, ó2-óó, ó8-70 


Ỷ 


SUMMARY OF TERMS (KNOWLEDGE) 


Concentration À quantitative measure of the amount of solute Precipitate A solute that has come out of solution. 
per volume of solution. Reverse osmosis A technique for purifying water by forcing 
Dissolving The process of mixing a solute in a solvent to it through a semipermeable membrane into a region of 
produce a homogeneous mixture. lower solute concentration. 
Hard water Water containing large amounts of calcium and Saturated solution A solution containing the maxinum 
magnesium lIons. amount of solute that will dissolve in its solvent. 
Hydrogen bond An unusually strong dipole-dipole attraction Semipermeable membrane A membrane containing 
Occurring between molecules that have a hydrogen atom submicroscopic pores that allow passage of water 
covalently bonded to a small highly electronegative atom, molecules but not o£ larger solute ions or solute 
usually nitrogen, oxygen, chlorine, or fluorine. molecules. 
Induced dipole A temporarily uneven distribution of electrons Solubility The ability of a solute to đissolve in a given solvent. 


in an otherwise nonpolar atom or molecule. Soluble 5aid of a solute that is capable of dissolving to an 


Insoluble Said of a solute that does not dissolve to any appre- appreciable extent in a given solvent. 


ciable extent in a given solvent. Solute Any component in a solution that is not the solvent. 


Molarity A common unit of concentration equal to the number 


Solvent The component in a solution that is present in the 
of moles of a solute per liter of solution. 


largest amount. 
Mole A very large number equal to 6.02 x 10 and usually 
used in reference to the number of atoms, ions, or 


molecules within a macroscopic amount of a material. 


Unsaturated solution A solution that is capable of đissolving 
additional solute. 


Osmosis The net flow (diffusion) of water across a 
semipermeable membrane from a region of low solute 
concentration to a region of high solute concentration. 


READING CHECK OUESTIONS (COMPREHENSION) 


1 Four Different Types of Dipole Attractions 2. Which is stronger, the ion-dipole attraction or the induced 
dipole-induced dipole attraction? 


3. What is a hydrogen bond? 


4. Are induced dipoles permanent? 


1. What is the primary difference between a chemical bond 
and an attraction between two molecules? 
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2 A Solution ls a Single-Phase Homogeneous Mixture 


5. What happens to the volume of a sugar solution as more 
sugar is dissolved in it? 


ó. Why ¡is a ruby considered to be a solution? 
7. Distinguish between a solute and a solvent. 


3 Concentration ls Given as Moles per Liter 


8. What does it mean to say that a solution is concentrated? 


9. Is 1 mole of particles a very large or a very small number 
of particles? 


10. Is concentration typically given with the volume of 
solvent or the volume o£ solution? 


4 Solubility ls How Well a Solute Dissolves 


11. Why does the solubility of a gas solute in a liquid solvent 
decrease with increasing temperature? 


12. Why do sugar crystals dissolve faster when crushed? 
13. Is sugar a polar or nonpolar substance? 


5 Soap Works by Being Both Polar and Nonpolar 


14. Which portion of a soap molecule is nonpolar? 


15. Water and soap are attracted to each other by what type 
of molecular attraction? 


1ó. What is the difference between a soap and a detergent? 


6 Softening Hard Water 


17. What component of hard water makes it hard? 


18. Why are soap molecules so attracted to calcium and 
magnesium 1ons? 


19. Calcium and magnesium ions are more attracted to 
sodium carbonate than to soap. Why? 


7 Purifying the Water We Drink 


20. Why is treated water sprayed into the air prior to being 
piped to users? 

21. What are two ways people disinfect water in areas where 
municipal treatment facilities are not available? 


22. What naturally occurring element has been contaminating 
the water supply of Bangladesh? 


CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


23. To see the action of the ion-dipole attraction, create a 
static charge on a rubber balloon by rubbing it across your 
hair. Hold this charged balloon close to but not touching 
a thin stream of water running from a faucet. Watch the 
charged balloon divert the path of the falling water. Your 
balloon is negatively charged because it picks up electrons 
from your hair. Why would a balloon that was positively 
charged also attract the stream of water? 


24. Here“s a quick recipe for rock candy. In a cooking pot, 
make a hot, saturated solution of sugar in water. Start by 
mixing sugar and water in a 2:1 ratio by volume. Add 
more sugar or water as necessary to obtain a clear, runny 
syrup. Let cool for 10 minutes. Roll a wet skewer stick or 
weight (such as metal nut) attached to a string in some 
granulated sugar. Pour the warm sugar syrup into a jar. 
Submerge the skewer or weight in the sugar syrup. Cover 
the top and store the sugar syrup in a cool place. The 
longer you wait, the larger the crystals. 


25. Just because a solid dissolves in a liquid doesn“t mean 
the solid no longer occupies space. Fill a glass to its brim 
with the warm water and then carefully pour all the water 
into the larger container. Add a couple tablespoons of 
sugar to the empty glass. Return half of the warm water 
to the glass and stir to dissolve all the sugar. Return the 
remaining water, and as the water gets close to the top of 
the glass, ask a friend to predict whether the water level 
will be less than, about the same as, or more than before. 
Tf your friend doesn't understand the result, ask him or 
her what would happen ïif you had added the sugar to the 
glass when the glass was full of water. 
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THINK AND SOLVE 


2é. Assume the total number of molecules in a solution is 
about 3 million trillion. One million trillion of these are 
molecules of some poison, while 2 million trillion of 
these are water molecules. What percentage of all the mol- 
ecules in the glass is water? 


27. Assume the total number of molecules in a solution 1s 
about 1,000,000 million trillion. One million trillion of 
these are molecules of some poison, while 999,999 million 
trillion of these are water molecules. What percentage of 
all the molecules in the glass is water? 


28. You drink a small glass of water that ¡is 99.9999 percent 
pure water and 0.0001 percent poison. Assume the glass 
contains about a 1,000,000 million trillion molecules, 
which is about 30 mL. How many poison molecules did 
you just drink? Should you be concerned? 


THINK AND COMPARE (ANALYSIS) 


32. Rank the following solutions in order of increasing 
concentration. Solution A: 0.5 moles of sucrose in 2.0 liters 
of solution; Solution B: 1.0 moles of sucrose in 3.0 liters of 
solution; Solution C: 1.5 moles of sucrose in 4.0 liters of 
solution. 


33. List the following compounds in order of increasing 
boiling point: CL„ CBr„„ CCL„ CE¿. 


THINK AND EXPLAIN (SYNTHESIS) 


1 Four Different Types of Dipole Attractions 


35. Which is stronger: the covalent bond that holds atoms 
together within a molecule or the electrical attraction 
between two neighboring molecules? Ilease explain. 


3ó. The charges with sodium chloride are all balanced——for 
every positive sodium ion there is a corresponding nega- 
tive chloride ion. Because its charges are balanced, how 
can sodium chloride be attracted to water, and vice versa? 


37. Why are ion-dipole attractions stronger than dipole— 
đipole attractions? 

38. Chlorine, CÏ„ 1s a gas at room temperature, but bromine, 
Br;, is a liquid. Why? 

39. Why is calcium fluoride, CaF;, a high melting point 
crystalline solid while stannic chloride, SnC],, is a volatile 
liquid? 


2 A Solution ls a Single-Phase Homogeneous Mixture 


40. Dipole-induced dipole attractions exist between 
molecules of water and molecules of gasoline, and yet 
these two substances do not mix because water has such 
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(MATHEMATICAL APPLICATION) 


29. How much sodium chloride, in grams, is needed to make 
15 L of a solution that has a concentration of 3.0 grams of 
sodium chloride per liter of solution? 


30. If water is added to 1 mole of sodium chỉloride in a flask 
until the volume of the solution is 1 liter, what is the 
molarity of the solution? What ¡is the molarity when water 
1s added to 2 moles of sodium chloride to make 0.5 liter of 
solution? 


3†1. A student is told to use 20.0 grams of sodium chloride 
to make an aqueous solution that has a concentration of 
10.0 g/L (grams of sodium chloride per liter of solution). 
Assuming that 20.0 grams of sodium chloride has a volume 
of 7.50 milliliters, show that she wiÏll need about 1.99 ]iters of 
water to make this solution. In making this solution, should 
she add the solute to the solvent or the solvent to the solute? 


34. Rank the following compounds in order of increasing 
solubility in water: 


CH;CH,—OH CH,CH,CH,CH;,—OH 
Ethanol Butanol 
CH;CH,CH,CH,CH;CH,—OH 


Hexanol 


a strong attraction for itself. Which compound might best 
help these two substances mix into a single liquid phase? 


li li! ï 
Si 4y) 30 00/12 địa Cl- ư 
ImÉ JmU đạt 


41. lí table sugar is white, why is a solution of table sugar in 
water transparent? 


42. Which is more dense: air saturated with water vapor or 
air unsaturated with water vapor? 


3 Concentration ls Given as Moles per Liter 


43. The volume of many liquid solvents expands 
with increasing temperature. What happens to the 
concentration of a solution made with such a solvent as 
the temperature of the solution is increased? 


44. Which should weigh more: fresh water or the same 
volume of fresh sparkling seltzer water? Why? 


45. How many sugar molecules are in a 2 M sugar solution? 
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4 Solubility ls How Well a Solute Dissolves 


4ó. Explain why, for these three substances, the solubility in 
20°C water (shown in g/mL) goes down as the molecules 
get larger but the boiling poïnt (shown in °C) goes up. 


~ 


CH;—O CH;CH;CH;CH;—O” 


infinite 8g/100mL 
65°C III7SG 


CH;CH;CH;CH;CH;—O“ 


2.3g/100mL 
138°C 


47. The boiling point of 1,4-butanediol ¡is 230°C. Would 
you expect this compound to be soluble or insoluble in 
room-temperature water? Explain. 


__H 


_„O—CH;CH;CH;CHạ—O 


1,4-butanediol 


48. Based on atomic size, which would you expect to be more 
soluble in water: helium, He, or ntrogen, N;? 


49. If nitrogen, N;„ were pumped into your lungs at hiph pres- 
sure, what would happen to its solubility in your blood? 


50. The air a scuba diver breathes is pressurized to coun- 
teract the pressure exerted by the water surrounding 
the diver“s body. Breathing the high-pressure air causes 
excessive amounts of nitrogen to dissolve in body fluids, 
especially the blood. If a diver ascends to the surface 
too rapidly, the nitrogen bubbles out of the body fluids 
(much like the way carbon dioxide bubbles out of a soda 
immediately after the container is opened). This results in 
a painful and potentially lethal medical condition known 
as the Pends. Why does breathing a mixture of helium 
and oxygen rather than air help divers avoid getting the 
bends? 


51. Account for the observation that ethanol, C,H;OH, 
dissolves readily in water but dimethyl ether, CH;OCH,, 
which has the same number and kinds of atoms, does not. 


EHALI ETẾ LÍ) 
| H H 
H—C—C—oZ b s - 
| /A-G)I` 
HH H H H 
Ethanol Dimethyl ether 


52. At10°C, which is more concentrated: a saturated solution 
Of sodium nitrate, NaNO,, or a saturated solution of 
sodium chloride, NaCT? (See Figure 22.) 


53. Why are rain and snow called precipitation? 


54. Of the two structures shown next, one is a typical gasoline 
molecule and the other is a typical motor oil molecule. 
Which is which? Base your reasoning not on memoriza- 
tion, but on what you know about electrical attractions 
between molecules and the various physical properties of 
gasoline and motor oil. 


H 


HH HHHHHHHHHHHHHNH 
 .....ẽ 


55. 


Só. 


 l ñ 7ñ 
tri SUPIIR Tàn 
H HH HHEHHEHIEHUOHHE 


Structure A 
JBÉ Jãi H H H H H H 


[ 1 
H-C-C-C-C-C-C-C-C-H 
HHHHHH 


Ï 
HH 
Structure B 


Hydrogen chloride, HCT, is a gas at room temperature. 
Would you expect this material to be very soluble or not 
very soluble in water? 

Would you expect to find more dissolved oxygen in ocean 
water around the northern latitudes or in ocean water 
close to the equator? Why? 


5 Soap Works by Being Both Polar and Nonpolar 


Fatt acid mmolecules can alien to ƒorm a barrier called a lipid 
bilauer, shotun beloiu. In this schematic, the ionic end oƒ the ƒat 
acid is shot0n as a circle and the nonpolar chain is shoiU0H as ñ 
squieel line. Lĩse this diasram ƒor quesHons 57 throueh 59. 


-~>e© 
fatty acid 


So 


58. 


Sk% 


Why do nonpolar molecules have a difficult time passing 
throuph the lipid bilayer? 


Why do ionic compounds such as sodium chloride, NaC], 
have a hard time passing throuph the lipid bilayer? 


Fatty acid molecules can also align to form a lipid bilayer 
that extends ¡in three dimensions. À cross section of this 
structure is shown next. This is similar to the micelle 
shown in Eigure 25, although notably different because 
1t contains an inner compartment of water. What is this 
structure called? (Hint: it forms the basis of all life.) 


HạO lế. 
_s\M0ffj, n9 
`. 
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ó Softening Hard Water 


60. A scum forms on the surface of boiling hard water. What is 


ó1. 


this scum? Why does it form? And why do hot water heaters 
lose their eficiency quicker in households with hard water? 


Phosphate Ions, lD0) S, were once added to detergents to 
assist in cleaning. What function did they serve? These 
ions are no longer added to detergents because they cause 
excessive ørowth of algae in aquatic habitats receiving the 
wastewater. What chemical has replaced them? 


7 Purifying the Water We Drink 


62. Cells at the top of a tree have a higher concentration of 


THINK AND DISCUSS 


sugars than cells at the bottom. How mipht this fact assist 
a tree in moving water upward from its roots? 


67. Oxygen, O,„ dissolves quite well within a class of com- 
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pounds known as liquid perfluorocarbons—so well that 
oxygenated perfluorcarbons can be inhaled in a liquid 
phase, as is demonstrated by the alive and liquid breath- 
¡ng rodent shown below the water-bound goldfish. Do 
you suppose perfluorocarbon molecules are polar or non- 
polar? Why would the rodent drown 1Í it were brought up 
to the water layer and the goldfish die ¡f they swam down 
into the perfluorocarbon layer? How might perfluorocar- 
bons be used to clean our lungs or serve as an artificial 
blood? When is it okay to sacrifice the lives of animals for 
scientific research? 
L1, 
ND NZ 
mm 
JjnIJ/ẽ 
F= ~—F 
C C 
Z6 TS“ \ 
PP /NH/X cụ 
j (II (dịa 


Perfluorodecalin 


attraction 


(EVALUATION) 


63. 
ó4. 


65. 


6ó. 


68. 


69. 


70. 


Induced dipole-induced dipole 


What reverses with reverse osmosIs? 


Wlhy is it significantly less costÏy to purify fresh water 
throuph reverse osmosis than to purify salt water through 
Teverse Osmosis? 


Some people fear drinking distilled water because they 
have heard it leaches minerals from the body. Using your 
knowledge of chemistry, explain how these fears have 
no basis and how distilled water is in fact very good for 
drinking. 

Many homeowners get their drinking water piped from 
wells dug into their property. Sometime this well water 
smells bad because of trace quantities of the gaseous 
compound hydrogen sulfide, H,5. How mipht this odor 
be removed from water already taken from the tap? 


Why are people so willing to buy bottled water when it is 
So expensive, both financially and environmentally? 


lt is possible to tow Icebergs to coastal citles as a source 
of fresh water. What obstacles—technological, social, 
environmental, and political——do you foresee for such an 
endeavor? 


In reference to human nature, Jerome IDelli Priscoli, a 
social scientist with the U.S. Army Corps of Engineers, 
stated, “The thirst for water may be more persuasive than 
the impulse toward conflict.” Do you agree or disagree 
with his statement? Might our universal need for water be 
our salvation or our demise? Consider the current water 
disputes between places such as Sudan and Egypt, Turkey 
and Iraq, or the United States and Mexico. 
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READINESS ASSURANCE TEST (RAT) 


TƑ uou haue a qood handle ơn this chapter, then you shonld be able to 
score at leqst 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistr.com. lƒ you score less tham 7, you need 
to stidU ƒurther beƒ0re m00ing 0n. 


Choose the BEST answer to the following. 
†1. The hydrogen bond is a type of 


a. ionic bond. 

b. metallic bond. 

c. covalent bond. 

d. None of the above 


2. lodine, L„ has a higher melting point compared to fluorine, 
F;„ because its 


a. atoms are larger. 

b. molecules are heavier. 

c. nonpolarity is greater. 

d. atoms have a greater electronegativity. 


3. Plastic wrap is made of nonpolar molecules and ¡s able 
to stick well to polar surfaces, such as glass, by way of 
đipole-induced đipole molecular attractions. How is it that 
plastic wrap also sticks to itself so well? 


a. By way of dipole-dipole molecular attractions. 


b. By way of induced đipole-induced dipole molecular 
attractions. 


c. By way of dipole-induced dipole molecular attrac- 
tions. 


d. lons are formed as the plastic rubs against itself. 


4. Which of the following statements describe a saturated 
soluton? 


a. A carbonated beverage with bubbles. 


b. A solution where the solvent cannot dissolve any 
more solute. 


c. A stirred solution of salt water with salt at the 
bottom. 


d. AlI of the above 
e. None of the above 
5. Sodium chloride, NaC], is insoluble in gasoline because 


a. its ions are so small, there is not much opportunity 
for the gasoline to interact with them. 


b. salt can only form dipole-induced dipole attractions. 


c. gasoline is so strongly attracted to itself, the salt, 
NaC], is excluded. 


d. ifs lons are much more attracted to themselves. 


ó. Hardened water results in soap scum because it 
a. contains excessive amounts of sodium ions. 
b. is more dense than softened water. 
€. conftains excessive amounts of magnesium ions. 
d. has a greater polarity than softened water. 


7. Fish dont live very long in water that has just been boiled 
and brought back to room temperature because 


a. ofa higher concentration of đissolved CO, ïn the 
WateT. 


b. the nutrients in the water have been destroyed. 
c. the salts in the water become more concentrated. 


d. the boiling process removes the air that was 
dissolved in the water. 


8. How many moles of sugar (sucrose) are in 5 liters of sugar 
water that has a concentration of 0.5 M? 


a. 5.5 moles 
b. 5.0 moles 
c. 2.5 moles 
d. 1.5 moles 


9. What ¡is an advantage of using chlorine gas to disinfect 
drinking water supplies? 


a. lt provides residual protection against pathogens. 
b. It gives the water a fresh taste. 
c. Residual chlorine in water helps to whiten teeth. 
d. Excess chlorine is absorbed in our bodies as a mineral 
supplement. 
e. All of the above 
10. Why do red blood cells, which contain an aqueous solu- 


tion of đissolved ions and minerals, burst when placed in 
fresh water? 


a. The dissolved ions provide a pressure that eventually 
bursts open the cell. 


b. More water molecules enter the cell than leave the 
cell. 


c. The fresh water acts to dissolve the blood cell wall. 
d. All of the above 


ANSWERS TO CALCULATION CORNER (CALCULATING FOR SOLUTIONS) 


1. Multiply the solution concentration by the final 
volume of the solution. This provides the amount of 
solute required: (380 g/L)(3 L) = 1140 g. 


2. Divide the amount of solute by the solution 
concentration to obtain the amount of solution 
prepared: 20 g/10 g/L= 2 L. 
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COonfextual ChemniStrV 


A SPO'TLIGHT 


Water Fluoridation 


dentist, Frederick McKay, opened 

a dental practice ¡in Colorado 
Springs, Colorado. He soon dis- 
covered that many local residents 
had brown hole-pocked teeth that, 
despite being unsightly, had a resis- 
tance to cavity formation. Following 
years of investigation, McKay and 
his colleagues determined that this 
condition was caused by unusually 
high levels of naturally occurring cal- 
cium fluoride in the drinking water. 
The condition became known as 
dental fluorosis. By the 1930s, the 
U.S. Public Health Service began 
to study the idea of adding fluoride 
ions to drinking water. These studies 
indicated that dental fluorosis could 
be avoided but resistance to cavity 
formation maintained at fluoride ion 
concentrations of about 1 part per 
million (ppm), which equals 1 mg 
per liter. 

The first municipal fluoridation 
test programs began ¡in the 1940s, 
soon after World War II, which was 
a time when the general public 
held great trust in the chemical 
industry as well as governmernt. In 
Grand Rapids, Michigan, for exam- 
ple, sodium fluoride, once widely 
regarded as rat poison, was to be 
added to the municipal drinking 
water for 15 years, after which time 
the program would be evaluated 
for effectiveness. Also, the upstate 
New York towns of Newburgh and 
Kingston, which had similar demo- 
graphic and water profiles, were cho- 
sen for a double study in which the 
water of only one town (Newburgh) 
would be fluoridated. After 10 years, 
the rates of dental decay in each 
city would be compared. Halfway 
through the Newburgh/Kingston 
trial, however, the U.S. Public Health 
Service announced a preliminary 
ó5 percent decrease ¡in dental 
decay in Newburgh. Word of this 


[: the early 1900s, a young 
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and other trials quickly 
spread, and soon 
many  municipalities 
were requesting water 
fluoridation, well 
before any of these 
initial trials could be 
completed. 

As can be expected, 
there were many who 
advocated against the 
fluoridation of public 
drinking water. They 
argued that fluoride is 
not a natural nutrient, 
but a drug and 
industrial  pollutant, 
and that fluoridation 
is unethical because 
indivduals are not 
being asked for their 
informed consent prior to being 
given medication. As any physician 
knows, what is good for one patient 
is not necessarily good for another 
patient. A counterargument to this 
was that fluoridation of public water 
provides a benefit to the whole 
community, including the underprivi- 
leged, and not just those who can 
afford good health care. Opponents 
to fluoridation, however, also 
pointed out that the long-term side 
effects of fluoride were not known. 
Of particular concern were the risks 
of skeletal fluorosis, bone cancer, 
and hypothyroidism. Believing these 
risks to be minimal compared to 
the great dental benefits, the gov- 
ernment, motivated ¡n large part 
by professional dental associations, 
continued to push for fluoridation. 
Today, about 145 million people ¡in 
the United States regularly drink 
fluoridated water. 

As a quick Internet search reveals, 
the fluoridation debate continues to 
be most vigorous. For example, the 
American Dental Association, www. 
ada.org, publishes a well-known 


JR MOIDDETL 


UN SOCIELTY 


booklet that clearly advocates the 
great benefits and minimal risks 


of fluoridating municipal  drink- 
¡ng water. Each paragraph of the 
ADA*s booklet, however, is care- 
fully counterargued by fluoridation 
opponent Edward Bennett at 
www.fluoridedebate.com. Of note 
is the fact that drinking water ¡in 
Europe ¡is no longer fluoridated. 
Most European nations, as well 
as Japan, halted water fluorida- 
tion in the 1970s, after which their 
rates of dental caries continued to 
decline, as within the United States. 
Furthermore, the U.S. Centers for 
Disease Control and Prevention have 
noted the lack of evidence support- 
¡ng the effectiveness of ingested 
fluoride. Rather, teeth appear to 
benefit by surÍface exposure, as 
occurs when the teeth are brushed 
with fluoridated toothpaste. 

In 1987, the U.S. government- 
sponsored National Institute of 
Dental Research (NIDR) examined 
the teeth of about 39,000 school- 
children aged 5 to 17 from 84 geo- 
graphical areas, with and without 


fluoridated water. Analysis of this 
data by John Yiamouyiannis, a bio- 
chemist and ardent opponent of 
fluoridation, showed no meaning- 
ful statistical differences between 
children growing up ¡in fluoridated 
and nonfluoridated areas, except 
that 5- to ó-year-olds drinking fluo- 
ridated water tended to keep their 
baby teeth longer. Analysis by the 
NIDR of the same data indicated 
that children who have always lived 
in fluoridated areas have 18 per- 
cent fewer decayed surfaces than 
those who have never lived in fluo- 
ridated areas. In 2012, the ADA“s 
position ¡is that “water fluoridation 
continues to be effective in reduc- 
ing tooth decay by 20-40 percent, 
even with widespread availability 
from other sources such as fluoride 
toothpastes. “ 

As the debate continues, one 
thing remains certain: those who 
are familiar with the basic concepts 
of chemistry and methodologies of 
science are at a great advantage 
for understanding the issues and 
for being able to recognize well- 
informed arguments and decisions. 


CONCEPTCHECK 


TeflonŸ is a carbon-based molecule 
with lots of fluorine. Might flossing 
with TeflonS-coated dental floss 
be a good way of introducing addi- 
tional fluoride to your teeth? 


CHECK YOUR ANSWER It ¡s 
the fluoride ion that ¡is indicated 
to help prevent dental decay. 
Sources of these ions include the 
ionic compounds sodium fluo- 
ride, NaF, and stannous fluoride, 
SnF,. The fluorine within Teflon® 
is not ionic. Rather, Teflon® as 
a molecule (covalent compound) 
contains fluorine atoms covalently 
bound to the carbon atoms. These 
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fluorine atoms cannot escape the 
molecule to join the structure of 
tooth enamel. 


Think and Discuss 


1. In 19é2, the Kettering Laboratory 
of the University of Cincinnati 
conducted a study in which dogs 
were exposedl to calcium fluoride 
dust at a rate simulating human 
occupational  exposure. The 
results of the study showed signif- 
icant damage to the dogs” lungs 
and lymph nodes. This study was 
funded by an industry group that 
was seeking evidence to help 
counter worker claims of crippling 
skeletal fluorosis. Consequently, 
the study remained unpublished. 
Should there be laws that pro- 
hibit the suppression of unfavor- 
able research data? Try answering 
this question from the point of 
view of a company that might 
have contributed millions of dol- 
lars to the research. 


2. What kind of pressures might 
a scientist face if she dliscov- 
ered evidence suggesting that 
fluoridated water had neurotoxic 
effects in rats? Assume she works 
for the government, for a gov- 
ernment-funded university, for a 
private research firm not related 
to dental health, or for a profes- 
sional dental association. 


3. The most common form of fluo- 
ride added to municipal drink- 
¡ng water today ¡is hydrofluosilicic 
acid, H,SiF,, which ¡is obtained 
†rom the antipollution smokestack 
scrubbers of the phosphate fertil- 
izer industry. What are the advan- 
tages and disadvantages of this 
system? lf water fluoridation were 
banned, what might become of 
this hydrofluosilicic acid? 


4. How_ could 


5. 


the Newburgh/ 
Kingston trials have been 
designed to ensure that the 
results were not affected by the 
bias of profluoridation dentists 
and government officials? Were 
government officials  justified 
when they published the prelimi- 
nary results? 


Vitamin B12 deficiency affects 
about one-quarter of the U.S. 
population and is more com- 
mon ïn the elderly. This defi- 
ciency ¡is ofÍten undetected 
and can lead to devastating 
and irreversible complications. 
Should vitamin B12 be added 
to municipal drinking water? 
Why or why not? 


The town of Modesto, California, 
claims that over the course of 10 
years, itll save at least $5 mil- 
lioön and at most $32 million by 
not fluoridating its water. How 
might the town of Modesto use 
this saved money to helpb protect 
the dental health of all its citi- 
zens, including children of under- 
employed families? Should the 
saved money instead be returned 
to the citizens of Modesto in the 
form of lower taxes? 


In many countries lacking elabo- 
rate waterworks systems, fluo- 
ride ¡is provided to the general 
population by adding ït to com- 
mercial table salt. What might 
be some of the advantages and 
disadvantages of this sort of fluo- 
ride delivery system? 


People have been told that the 
fluoride ¡in their drinking water 
helps to protect their teeth. To 
what extent does this prompt 
them to ignore good dental 
health habits such as eating 
healthfully, avoiding sweets, and 
brushing and  flossing regularly? 
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Solutions to Odd-Numbered Chapter Ouestions 


1. A chemical bond is many times stronger than an attraction 
between molecules. 


3. A hydrogen bond is a very strong dipole-dipole attraction 
involving a hydrogen atom bonded to a highly electronegative 
atom such as oxygen. 


5. The volume of a sugar solution gradually increases as more 
sugar is dissolved ïn it. 


7. A solute is the component of lesser quantity in a solution (for 
example, a pinch of salt in a glass of water). A solvent is the com- 
ponent of greater quantity in a solution (for example, the water 
1n a salt water solution). 


9. A mole is a very large number: 6.02 x 1023. For example, a 
mole of marbles would be enough to cover the entire land area 
of the United States to a depth greater than 4 meters. 


11. The solubility of a gas decreases with increasing tempera- 
tures because the gas molecules have more kinetic energy and 
are more likely to escape from solution. The greater kinetic 
energy of the solvent molecules also helps the gas molecules to 
escape. 


13. Sugaris very polar,as evidenced by its great solubility in 
Water. 


15. Water and soap are attracted to each other by ion-dipole 
attractions between each water molecule and the polar head of 
each soap molecule. 


17. Large amounts of calcium and magnesium ions are found in 
hard water. 


19. Sodium carbonate (Na2CO38) has a 2- charge in the carbon- 
ate ion (CO3)2- to which calcium and magnesium are more 
attracted than to the 1- charge found in a molecule of soap. The 
hard water ions calcium and magnesium bind to the carbonate 
lons, which “softens“ the water. 


21. People disinfect their water by boiling it or adding disin- 
fecting iodide tablets. 


23. The water molecules have both negative and positive ends. 
Hold a negatively charged balloon up to the water and all the 
water molecules will rotate so that their positive ends face the 
balloon. Hold up a positively charged balloon and all the water 
molecules will rotate so that their negative ends face the bal- 
loon. Either way, the balloon attracts. 


25. The water level rises just as it would if you were adding 
sand. It does not matter that what you add dissolves. 


27. Divide the number of water molecules by the total number 
2 đủ molecules and multiply by 100 to get the percentage: 


999/999 million trillion/1,000,000 million trillion 


x 100 = 99.9999% 
29. mass = (concentration)(volume) = (3.0 g/L)(15L) = 45g 


31. The total volume of solution should be 20.0g/10.0 g/L 
= 2.00 L„ but this ¡is the volume of solution, not the volume of 
solvent. Remember that the volume of solution is equal to the 
combination of the volume of the solute and the solvent and that 
the volume o£ water (solvent) is equal to the volume of solution 
minus the volume of the sodium chloride (solute). Ignoring the 
rules for significant figures and assuming that the 20.0 grams 
of sodium chloride occupies 7.50 mL (0.00750 L), this volume of 
water would be: 


Volume of solution: 2.00000L 
0.00750L 
1.99250L 


Volume of solute: 


Volume of water 


But don1t waste time measuring out 1.99250 L of water. A 
far better approach would be to make the solution by adding 
the sodium chloride (solute) to an empty container calibrated 
for 10 liters and then adding water (solvenf) as needed to make 
10.0 liters of solution. 


33. These are all nonpolar compounds, but they differ in size. 
The larger the size of the nonpolar molecule, the easier for that 
nonpolar molecule to form induced dipoles. Larger nonpolar 
molecules, therefore, have a greater “stickiness“ and hence a 
higher boiling point. In order of increasing boiling points, these 
compounds are CE4, CC14, CBr4, and C4. 


35. The covalent bonds within a molecule are many times stron- 
ger than the attractions occurring between neighboring mole- 
cules. We know this because although two molecules can move 
away from each other (as occurs in the liquid or gaseous phase), 
the atoms within a molecule remain stuck together as a single 
unit. To pull the atoms apart requires some form of chemical 
change. 


37. Because the magnitude of the electric charge associated 
with an ion is much greater. 


39. The elements calcium, Ca, and fluorine, E, are on opposite 
sides of the periodic table, which tells us that the bond between 
them 1s ionic. lonic compounds tend to have high melting points 
because the attractions between ions extend ïn all directions. 
This locks the ions in place, which means a lot of thermal energy 
1s required to break them apart, as occurs during melting. The 
elements tin, Sn, and chlorine, Cl, are much closer together in 
the periodic table, which tells us that the bond between them 
1s less ionic and more covalent. Furthermore, the tetrahedral 
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molecular geometry of stannic chloride, SnC]4, is symmetrical, 
which means the dipole of individual tin-chloride bonds can- 
cels each of them out. This nonpolarity means the stannic chÏo- 
ride molecules are not as attracted to each other, which means 
they readily evaporate. 


41. As described ¡n the FYI in Secton 7.2, be it large or small, 
an individual sugar crystal is transparent. A teaspoon o£ table 
sugar appears white because of the way light gets scattered as it 
pAsses in and out of the numerous tiny crystals at numerous đif- 
ferent angles. Technically speaking, when table sugar đissolves 
in water, it is this scattering effect that disappears, not the sugar 
1tself. 


43. Assuming concentration is given in units of mass (or moles) 
of solute in a given volume of solution, the concentration neces- 
sarily decreases with increasing temperature. 


45. To answer this question, you would also need to know the 
volume of solution. If the volume 1s 1 liter, then the amount of 
solute would be equal to (2 mole/liter)(1 liter) = 2 moles. The 
answer could be expressed simply as 2 moles or as 1.204 * 1024, 
which is Avogadros number times 2. 


47. A hiph boiling point means the substance interacts with 
itself quite strongly. IÝ you were a water molecule, you would be 
attracted to both ends of 1,4-butanediol. In fact 1,4-butanediol is 
infinitely soluble in water. 


49. The greater the pressure, the greater the solubility. Recall 
that the solubility of a gas in a liquid increases with increasing 
pressure. This principle is used in the manufacture of carbon- 
ated beverages. 


51. The arrangement of atoms in a molecule makes all the đif- 
ference in the physical and chemical properties. Ethyl alcohol 
contains the —OH group, which is polar. This polarity, in turn, 
1s what allows the ethyl alcohol to dissolve in water. The oxygen 
of dimethyl ether, by contrast, is bonded to two carbon atoms: 
C—O—C. The difference in electronegativity between oxygen 
and carbon is not as great as the difference between oxygen and 
hydrogen. The polarity of the C——O bond, therefore, is less 
than that of the O——H bond. As a consequence, dimethyl ether 
1s significantly less polar compared to ethyl alcohol and is not 
readily soluble in water. 


53. Air is a gaseous solution, and one of its minor components 
1s water vapor. The process of this water coming “out of solu- 
tion” in the form of raïn or snow is called precipitation. The rain 
Or snow ¡s the precipitate. 


55. Although oxygen gas, ©2, has poor solubility in water, 
many other examples of gases have good solubility in water. 
You should understand that hydrogen chloride is a polar mol- 
ecule. This gaseous material, therefore, has a good solubility 
in water by virtue of the đipole-dipole attractions occurring 
between the HC] and H2O molecules. 


57. The nonpolar molecules have a hard time passing the ionic 
heads of the fatty acid molecules, which are surrounded by 
water molecules. 


59. This structure ¡s called a cell, also known as a lysosome. 
Add a bunch of ions, DNA, organelles, and many other biomol- 
ecules to the cell and you have a living cell. The bilipid barrier 
is called a plasma membrane. 


61. The phosphate ions softened the water by binding to cal- 
cium Iions, which would otherwise interfere with the effective- 
ness of the soap or detergent. By the 1960s, the damage done by 
phosphates to fresh water streams and lakes was most appar- 
ent. Lake Erie was a notable example. Because the effects were 
so visible, there was strong support from the public and gov- 
ernment for phasing out phosphates from laundry detergent, 
which occurred during the 1970s and 1980s. In its place arose 
the carbonate ion, as discussed in this chapter. 


63. The netflow of water is reversed in reverse osmosis. QsmOsis 
transfers fresh water into salt water, but reverse osmOsis trans- 
fers the water molecules in salt water across a semipermeable 
membrane into a region of fresh water. 


65. Distilled water is pure only before you drink it. Once in 
your stomach, it mixes with everything else to make a nutrient- 
filled solution. The only difference is that tap water may have 
contributed a few more milligrams of hard water ions, such as 
calcium, which your body uses as a mineral. But there“s nothing 
wrong with drinking water that has been distilled. In fact, it is 
about as pure as any water you can drink. 


67. Perfluorocarbons are nonpolar molecules that interact with 
oxygen molecules by way of induced dipole-induced dipole 
attractions. A saturated solution of perfluorocarbons contains 
about 20 percent more oxygen than does the atmosphere we 
breathe. Lungs absorb this oxygen in much the same way they 
absorb oxygen from air. Perfluorocarbons also remove carbon 
dioxide from the lungs. The rodent would drown in the water 
because of the lack of oxygen there. The goldfish would suffer 
from oxygen poisoning (too much oxygen for its gills) if 1t swam 
in the perfluorocarbons. Potential applications include helping 
premature babies to breathe, cleaning the lungs of people with 
lung disorders such as cystic fibrosis, and serving as a backup 
to the ever-short worldwide blood supply. Many people believe 
the sacrifice of animal life for research is reasonable only when 
the animals are treated humanely and compassionately. Many 
say the same thing about slaughterhouses, where animals are 
routinely turned into meat. 


69. Answers may vary. 
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You are made of water, born into a world of water, 
and then forevermore debendent on water. 
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Water Molecules Form an Open 
Crystalline Structure in lce 


Freezing and Melting Go On at 
the Same Time 


Liquid Water's Behavior Results 
†rom the Stickiness of lts 
Molecules 


Water Molecules Move Freely 
between the Liquid and Gaseous 
Phases 


lt Takes a Lot of Energy to Change 
the Temperature of Liquid Water 


A Phase Change Requires the 
lnput or Output of Energy 
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THE MAIN IDEA 


Water is exceptional. 


ater is so common ïn our lives that Its many 

unusual properties easily escape Our notice. 

Consiđer, for example, that water is the only 
chemical substance on our planets surface that can be 
found abundantly ïn all three phases—solid, liquid, 
and gas. Another unique property of water is its great 
resistance to any change in temperature. As a result, the 
water in you moderates your body temperature, Just as 
the oceans moderate global temperatures. Unlike most 
other liquids, which freeze from the bottom up, liquid 
water Íreezes from the top down. To the trained eye of a 
chemist, water is far from a usual substance. Rather, is 
dowrright bizarre and exotic. 

Almost all of the amazing properties of water are a 
consequence of the ability of water molecules to cling 
tenaciously to one another by way of electrical attractions. 
In this chapter, we explore the physical behavior of water 
while diving into the details and consequences of the 
“stickiness” of water molecules. We begin by exploring 
first the properties of solid water (ice); then those of liquid 
water; and finally those of gaseous water, also known as 
Wwater VapOT. 


How Water Behaves 


Will the Raindrops Fall2 3. Predict what will hapben when 3. Assume you did the same 

W : ... Hịch you turn the glass upside down activity using a wide-mouth 
na biên An MN Vi là hệ over a sink. Will there be many plastic bottle with a hole drilled 

CÀ hp lạt bệ th ng xẻ ì XuEI tỉny streams of water? Will a into the bottom. What results 

CO Heo: TIỂU DỤ DO SE vao shower of raindrops form and would you expect then? 


seen within a cloud or fog. These 
tiny droplets, in turn, coalesce 
into larger drops that fall, as seen 


with rain. So what happens when a 
glass of water covered with plastic ANALYZE AND CONCLUDE 


fall? Will the water mostly not 
pass throuoh the holes? 


wrap punctured with many tiny Explain your observation in 

holes is turned upside down? terms of the stickiness of water 

molecules. 

PROCEDURE 1. ls there any difference when 

1. Fill a tall glass with water and you hold the glass still and 
cover it with plastic wrap held level versus when you shake 
taut with a rubber band around the glass or hold it at an 
the rim. angle? 

2. Use a pin to poke many tỉny 2. Swirl some liquid dishwashing 
holes into the plastic wrab detergent into the water in the 
directly over the mouth of glass. Do you get the same 
the glass. results? 


+1 Water Molecules Form an Open Crystalline Structure in lce 


EXPLAIN THIS LEARNING OBJECTIVE 


Why Is lce Slippery? Relate the physical properties of 


ice to its crystalline structure. 
Experience tells us not to place a sealed glass jar of liquid water in the freezer, 
for we know that water expands as it freezes. Trapped in the Jar, the Íreez- 
ing water expands outward with a force strong enough to shatter the glass 
into a hazardous mess or to pop the lid from the jar, as shown in Figure 1. é 
This expansion occurs because when the water freezes, the water molecules READINGCHECK 
arrange themselves in a six-sided crystalline structure that contains many open 
spaces. ÀAs Figure 2 shows, a given number of water molecules in the liquid 
can get relatively close to one another and so occupy a certain volume. Water 
molecules in the crystalline structure of ice occupy a greater volume than they 
do ïn liquid water, however. Consequently, ice is less dense compared to liquid 
water, which 1s why 1ce floats in water. 


Why does water expand as it Íreezes? 


^ Figure † 

The expansion of the freezing water inside 
the jar caused the lid to rise above the 
mouth of the jar. 


) ®„ vớ, „#®, 4 Figure 2 


Water molecules in the liquid phase are 


:—N -` VNI arranged more compactly than are water 
Liquid water lce molecules in the solid phase, in which they 
(dense) (less dense) form an open crystalline structure. 
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} Figure 3 

(a) Because water expands as it freezes, 
ice is less dense comparedl to liquid water 
and so floats in the water. (b) Like most 
other materials, paraffin is denser in its 
solid phase than in its liquid phase. Solid 
paraffin thus sinks in liquid paraffin. 


&@ FORYOUR 
INFORMATION 

Water expands upon freezing. By 
how much ït expands is equal to the 

volume of ice that floats above 

the water”s surface. This would be 


the tip of an iceberg floating in a 
freshwater lake. 


G2o 


^ Figure 4 

The six-sided geometry of ice crystals 
gives rise to the six-sided structure of 
snowflakes. 
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This property of expanding upon freezing ¡is quite rare. The atoms or 
molecules of most frozen solids pack in such a way that the solid phase occupies 
a smaller volume than in the liquid phase (Figure 3). 


lce 


Solid 


(a) (b) Paraffn molecule 


CON CEPTCHEGK 


Are you interpreting correctly the ¡illustration of water's open crystalline 
structure shown ¡in Figure 2? lf you are, you'll be able to answer this ques- 
tion: What's inside one of the open spaces? 


a. aïr ^ 
ứ V„Š.. ` 
; ® 
———>-> < 


e, 


ww “ mw 


b. water vapor 


c. nothing 


— 
< 


CHECK YOUR ANSWER lí air were in the spaces, the illustration would have 
to show the molecules that make up air, such as O; and N;, which are comparable in 
size to water molecules. Any water vapor in the spaces would have to be shown as 
free-roaming water molecules spaced relatively far apart. The open spaces shown here 
represent nothing but empty space. The answer is c. 


The hexagonal crystalline structure of HO molecules in ice has some 
interesting effects. Most snowflakes, like the one in Figure 4, share a similar 
hexagonal shape, which ¡is the microscopic consequence of this molecular 
geometry. Also, applying great pressure to ice causes the open spaces to 
collapse. The result ¡is the formation of liquid water. The great weight of a 
glacier, for example, causes the underside of the glacier to melt. With its wet 
underside, the glacier slowly slips down mountains toward the ocean, where it 
spawns icebergs. Another application of the pressure melting of ice is given in 
a Think and Do activity at the end of this chapter. 

Interestingly, ice is covered by a thin film of liquid water even at tempera- 
tures Just below freezing. This is because ice“s hexagonal structure requires sup- 
port in three dimensions. At the surface, water molecules find nothing above 
them to cling to. The hexagonal structure at the surface is thus weakened to the 
point where it collapses into a thin film of liquid, which is what makes ice so 
slippery. An ice-skater“s skate glides over this thin film of water, as shown in 
Figure 5. 

So what happens when the flat surfaces of two ice cubes are held 
together? The thin liquid films are no longer on a surface. Sandwiched 
between the two ice cubes, this liquid film freezes, effectively gluing the 
two ice cubes together. Lumps of snow are similarly “glued” together in the 
making of a snowball. Of course, if the weather is too cold, even the surfaces 
of the snow crystals are solid, which prevents the formation of snowballs 
no matter how hard you press the snow together. Skiers tend to prefer this 
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skate blade 


Thin film of 
liquid water 


lce 


“dry snow“ because it behaves more like a powder than a sticky slush. 
An alternative to skiing in super cold weather ¡is skiing at high altitudes, 
where lower atmospheric pressure favors thinner liquid films, and hence 
đrier, more powder-like snow. 


2_Freezing and Melting Go On at the Same Time 


EXPLAIN THIS 


Why is calcium chloride, CaCl„ more effective at melting ice than 
sodium chloride, NaCl? 


Meltine occurs when a substance changes from solid to liquid, and ƒrezins 
Occurs when a substance changes from liquid to solid. When we view these 
processes from a molecular perspective, we see that melting and freezing occur 
simultaneously, as Figure é illustrates. 

The temperature 0°C is both the melting temperature and the freezing 
temperature of water. At this temperature, water molecules in the liquid 
phase are moving slowly enough that they tend to clưmp together to form ice 
crystals—they freeze. At this same temperature, however, water molecules in 
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Vibrating H;O molecules Slowly moving H;O molecules 
fixed in crystalline structure  near freezing temperature 


4 Figure 5 
lce is slippery because its crystalline 
structure is not easily maintained at 
the surface. 


LEARNING OBJECTIVE 


ldentify the molecular processes 
involved in the freezing and 
melting of water, explain the 
impact of a solute on these 
processes, and explain why 
water is most dense at 4°C. 


4 Figure ó 
At 0°C, ice crystals gain and lose water 
molecules simultaneously. 
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&@ FORYOUR 
INFORMATION 


lf left undisturbed, chilled purified 
bottled water can become 
“supercooled,” which means it 
remains liquid at temperatures below 
0°C. This happens because crystal 
†ormation usually requires a substrate, 
such as a microparticle, upon which 
to start growing. Upon opening, 

the bottle of supercooled water wil| 
rapidly turn into an icy slush. Similarly, 
during an ice storm, raindrops 
formed in warm upper layers of the 
atmosphere become supercooled 

as they pass through colder lower 
layers. Upon hitting the ground, 

tree branches, and power lines, the 
supercooled raindrops, known as 
freezing rain, quickly freeze. The 
results can be beautiful but also quite 
hazardous, especially for aircraft. 


} Figure 7 

As two water molecules come together to 
form a hydrogen bond, attractive electric 
Íforces cause them to accelerate towardl 
each other. This results in an increase 

in their kinetic energies (the energy of 
motion), which is perceived on the 
macroscopic scale as heat energy. 


) Figure 8 

Heat energy must be added in order 

†o separate two water molecules held 
together by a hydrogen bond. This heat 
energy causes the molecules to vibrate so 
rapidly that the hydrogen bond breaks. 
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ice are vibrating with great commotion, much more than they vibrate at colder 
temperatures. Many thus break loose from the crystalline structure to form 
liquid water—they melt. Thus, melting and freezing occur simultaneously. 

For water, 0°C is the special temperature at which the rate of ice formation 
equals the rate of liquid water formation. In other words, it is the temperature 
at which the opposite processes of melting and freezing counterbalance each 
other. This means that i1f a mixture of ice and liquid water is maintained at 
exactly 0°C, the two phases are able to coexist indefinitely. 

Anytime we want a mixture of ice and liquid water at 0°C to freeze solid, 
we need to favor the rate of ice formation. This is accomplished by removing 
heat (cooling it down), a process that facilitates the formation of hydrogen 
bonds. As shown in Figure 7, when water molecules come together to form a 
hydrogen bond, heat energy is released. In order for the molecules to remain 
hydrogen-bonded, this heat energy must be removed-—otherwise, it can be 
reabsorbed by the molecules, causing them to separate. The removal of heat 
energy therefore allows hydrogen bonds to remain intact after they have 
formed. As a result, there is the tendency for the ice crystals to grow. 

Conversely, we can get a mixture of ice and liquid water at 0°C to melt com- 
pletely by adding heat. This heat energy øoes into breaking apart the hydrogen 
bonds that hold the water molecules together in the form of ice, as shown in 
Figure 8. Because more hydrogen bonds between water molecules are breaking, 
the ice crystals tend to melt. 

Solutes tend to inhibit crystal formation. Anytime a solute, such as table 
salt or sugar, is added to water, the solute molecules take up space. When a 
solute ¡is added to a mixture of ice and liquid water at 0°C, the solute mol- 
ecules effectively decrease the number of liquid water molecules at the solid— 
liquid interface, as Figure 9 illustrates. With fewer liquid water molecules 
available to join the ice crystals, the rate of ice formation decreases. Because 
ice 1s a relatively pure form of water, the number of molecules moving from 
the solid phase to the liquid phase is not affected by the presence of solute. 
The net result is that the rate at which water molecules leave the solid phase 
is greater than the rate at which they enter the solid phase. This imbalance 
can be compensated for by decreasing the temperature to below 0°C. At lower 
temperatures, water molecules in the liquid phase move more slowly and 
coalesce more easily. Thus, the rate of crystal formation is increased. 

In general, adding anything to water lowers the freezing point. Antifreeze 
1s a practical application of this process. The salting of icy roads is another. 
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Liquid water (b) lce 


(a) lce 


^ Figure 9 

(a) In a mixture of ice and liquid water at 0°C, the number of molecules entering the solid phase 
is equal to the number of molecules entering the liquid phase. (b) Adding a solute, such as 
sodium chloride, decreases the number of molecules entering the solid phase, because now 
there are fewer liquid molecules at the interface. 


CONCEPTCHECK 


How does a solute decrease the rate of freezing? 


CHECK YOUR ANSWER Whaen a solute is present, there are fewer water mol- 
ecules in contact with the surface of any ice crystal. This makes it more difficult for the 
ice crystal to grow. 


Water ls Densest at 4°C 


When the temperature of a substance is increased, its molecules vibrate faster and 
move farther apart on average. The result is that the substance expands. With few 
exceptions, all phases of matter—solids, liquids, and gases—expand when heated 
and contract when cooled. In many cases, these changes in volume are not very 
noticeable, but with careful observation, you can usually detect them. Telephone 
Wires, for instance, are longer and sag more on a hot summer day than on a cold 
winter day. Metal lñds on glass jars can often be loosened by heating them under 
hot water. lf one part of a piece of glass is heated or cooled more rapidly than 
ađjacent parts, the resulting expansion or contraction may break the glass. 

Within any given phase, water also expands with increasing temperature 
and contracts with decreasing temperature. This is true of all three phases—ice, 
liquid water, and water vapor. Liquid water at near-freezing temperatures, 
however, is an exception. 

Liquid water at 0°C can flow just like any other liquid, but at 0°C, the 
temperature is cold enough that nanoscopic crystals of ice are able to form. 
These crystals slightly “bloat” the liquid water“s volume, as shown in Figure 10. 
As the temperature is increased to above 0°C, more and more of these crystals 
collapse, and as a result, the volume of the liquid water đecreases. 

Figure 11 shows that between 0°C and 4“C, liquid water confracfs as its 
temperature is raised. This contraction, however, continues only up to 4°C. As 
near-freezing water is heated, there is a simultaneous tendency for the water to 
expand due to greater molecular motion. Between 0°C and 4°C, the decrease in 
volume caused by collapsing ice crystals is preater than the increase in volume 
caused by the faster-moving molecules. As a result, the water volume continues 
to decrease. At temperatures just above 4°C, expansion overrides contraction 
because most of the ice crystals have collapsed. 


Aqueous solution of NaCl 


FORYOUR 


&3 INFORMATION 


In most cases, the thermal expansion 
of liquids is greater than the thermal 
expansion of solids. Thỉs is why you 
should never top off your car's gas 
tank on a warm summer day. Gasoline 
is cooled by ïts underground storage 
at the gas station. After you place ït in 
your car“s tank, it warms and begins to 
expand. lf the tank and the gasoline 
expanded at the same rate, they would 
expand together and no overflow 
would occur. Similarly, if the expansion 
of the glass of a thermometer were as 
great as the expansion of the mercury, 
the mercury wouldl not rise with 
increasing temperature. The reason 
the mercury in the thermometer rises 
with increasing temperature is that 

the expansion of the liquid mercury is 
greater than the expansion of the glass. 


._ẢẨNặ 


What forms in 0°C liquid water? 
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} Figure 10 

Within a few degrees of 0°C, liquid water 
contains crystals of ice. The open structure 
of these crystals makes the volume of the 
water slightly greater than it would be 
without the crystals. 


} Figure 11 

Between 0°C and 4°C, the volume of 
liquid water decreases as the temperature 
increases. Above 4°C, water behaves the 
way all other substances do: its volume 
increases as its temperature increases. 
The volumes shown here are for a 

1-gram sample. 
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Œ@) Liquid water below 4°C is bloated 
with ice crystals. 


Upon warming, the crystals collapse, 
resulting in a smaller volume for the 
liquid water. 


@®) Above 4C, liquid water expands as it is heated 
because of greater molecular motion. 


Because of the effect of collapsing nanoscopic ice crystals, liquid water 
has its smallest volume and thus its greatest density at 4°C. Densf/ is the 
amount of mass contained in a sample of anything divided by the volume 
of the sample.) By definition, 1 gram of pure water at this temperature has 
a volume of 1.0000 milliliter. As Figure 11 shows, 1 gram of liquid water at 
0°C has an only slightly larger volume, 1.0002 milliliters. By comparison, 
1 gram of ice at 0°C has a volume of 1.0870 milliliters. As can be seen in 
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the small graph on the right in Figure 11, the volume of 1 gram of ice stayS 
above 1.08 milliliters even below 0°C, meaning that even when ice 1s cooled to 
temperatures well below freezing, it is still less dense than liquid water. 

Althouph lquid water at 4°C is only slightly denser than liquid water at CHEMICAL 
0°C, this small difference is of great Importance in nature. Consider that if water CONNECTIONS 
were densest at its freezing point, as is true of most other liquids, the coldest 
water in a pond would settle to the bottom and the pond would freeze from 
the bottom up, destroying living organisms in winter months. Fortunately, this 
does not happen. ÀAs winter comes on and the temperature of the water drops, 
1ts density also drops. The entire volume of water in the pond does not cool all 
at once, however. Surface water cools first because it is in đirect contact with 
the cold air. Being cooler than the underlying water, this surface water is denser 
and so sinks, with warmer water rising to replace it. That new batch of surface 
water then cools to the air temperature, gets denser as it does so, and sinks, 
only to be replaced by warmer water that cools. This process continues until the 
entire body of water has been cooled to 4°C. Then ¡f the air temperature remains 
below 4°C, the surface water also cools to below 4°C. This surface water does 
not sink, however, because at this colder temperature, it is now /ess dense than 
the water below it. Thus, cooler, less dense water stays on the surface, where it 
can cool further, eventually reach 0°C, and turn to ice. While this ice forms at the 
surface, the organisms that require a liquid environment are happily swimming 
below the ice in liquid water at a “warm” 4°C, as Figure 12 illustrates. 

Animportant effect of the vertical movement of water is the creation of vertical 
currents that, to the benefit of organisms living in the water, transport oxygen-rich 
surface water to the bottom and nutrient-rich bottom water to the surface. Marine 
biologists refer to this vertical cycling of water and nutrients as 10ellins. 

Very deep bodies of fresh water are not ice-covered even ïn the coldest of 
winters. This is because, as noted previously, all the water must be cooled to 
4°C before the temperature of the surface water can drop below 4°C. For deep 
water, the winter is not long enough for this to OCCUT. 

lí only some of the water in a pond ¡is 4°C, this water lies on the bottom. 
Because of water“s ability to resist changes in temperature (Section 5) and 1ts 
poor ability to conduct heat, the bottom of deep bodies of water in cold regions 
1s a constant 4°C year-round. 


How is a raindrop connected 
to a campfire? 


CONCETF TCHECK 


What was the precise temperature at the bottom of Lake Michigan on 
New Years Eve in 1901? 


CHECK YOUR ANSWER lí a body of water has 4°C water, then the temperature 
at the bottom of that body of water ¡s 4°C, for the same reason that rocks are at the 
bottom. Both 4°C water and rocks are denser than water at any other temperature. 
lí the body of water is deep and in a region of short summers, as is the case for Lake 
Michigan, the water at the bottom is 4°C year-round. 


4 Figure 12 

As water cools to 4°C, it sinks. Then as 
water at the surface is cooled to below 
GœC 4°C, it floats on top and can freeze. Only 
after surface ice forms can temperatures 
lower than 4°C extend down into the 


Liquid.woTer pond. This does not happen very readily, 
however, because surface ice insulates the 
liquid water from the cold air. 


4c 


261 


How Water Behaves 


3 Liquid Waters Behavior Results from the Stickiness of lts Molecules 


LEARNING OBJECTIVE 


Describe how cohesive and 
adhesive forces give rise to surface 
tension and capillary action. 


FORYOUR 


&@ INFORMATION 


A related concept is viscosity, which 
is the resistance a fluid has to being 
deformed when flowing. In general, 
the stronger the intermolecular 
attractions within a fluid, the greater 
its viscosity. There is more hydrogen 
bonding in cold water than in hot 
water, which is why cold water 

is slightly more viscous than is 

hot water. 


H....--‹ 


What causes surface tension? 


EXPLAIN THIS 
Why does salt water have greater surface tension than fresh water does? 


In this secHion, we explore how water molecules in the liquid phase interact 
with one another via cohesive forces, which are forces of attraction between 
molecules of a single substance. For water, the cohesive forces are hydrogen 
bonds. We also explore how water molecules interact with other polar materi- 
als, such as glass, through adhesive forces, forces of attraction between mol- 
ecules of two đifferent substances. 

Cohesive and adhesive forces involving water are dynamc. Ït is not one set Of 
water molecules, for example, that holds a droplet of water to the side of a glass. 
Rather, the billions and billions of molecules in the droplet all take turns binding 
with the glass surface. Keep this in mind as you read this section and examine 
1ts 1llustrations, which, although informative, are merely freeze-frame depictions. 


The Surface of Liquid Water Behaves 
Like an Elastic Film 


Gently lay a dry paper clip on the surface of still water. If you re careful enouph, 
the clip will rest on the surface, as shown in Figure 13. How can this be? Don/t 
paper clips normally sink in water? 

First, you should be aware that the paper clip is not floating 7 the water the 
way a boat floats. Rather, the clip is resting ơn the water surface. A slight depres- 
sion ïn the surface is caused by the weight of the clip, which pushes down on the 
water much like the weight of a child pushes down on a trampoline. This elastic 
tendency found at the surface of a liquid is known as surface tension. 

Surface tension in water is caused by hydrogen bonds. As shown in 
Figure 14, beneath the surface, each water molecule is attracted in every direc- 
tion by neighboring molecules, with the result that there is no tendency to be 
pulled in any preferred direction. A water molecule on the surface, however, is 
pulled only by neighbors to each side and those below; there is no pull upward. 
The combined effect of these molecular attractions is thus to pull the molecule 
from the surface into the liquid. This tendency to pull surface molecules into 
the liquid causes the surface to become as small as possible,and the surface 
behaves as if it were tiphtened into an elastic film. Lightweight objects that 
donmít pierce the surface, sụch as a paper clip, are thus able to rest on the surface. 


Surface of water bends 
to accommodate weight 
of paper clip 


^ Figure 14 


^ Figure 13 
A paper clip rests on water, pushing the surface down slightly but not sinking. 
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A molecule at the surface is pulled only sideways and 
downward by neighboring molecules. A molecule 
beneath the surface is pulled equally in all directions. 
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Surface tension accounts for the spherical shape of liquid drops. Raindrops, 
drops of oil, and falling drops of molten metal are all spherical because their 
surfaces tend to contract and this contraction forces each drop into the shape 
having the least surface area. This is a sphere, the geometric figure that has 
the least surface area for a given volume. In the weightless environment of an 
orbiting space shuttle, a blob of water takes on a spherical shape naturally, as 1s 
shown in Figure 15. Back on the Earth, dewdrops on spider webs or drops on 
the downy leaves of plants are also spherical, except for the distortions caused 
by their weight. 


(b) 


Surface tension is greater in water than in other common liquids because the 
hydrogen bonds in water are relatively strong. The surface tension in water is 
dramatically reduced, however, by the addition of soap or detergent. Figure 1ó 
shows that soap or detergent molecules tend to aggregate at the surface of 
water, with their nonpolar tails sticking out away from the water. At the surface, 
these molecules interfere with the hydrogen bonds between neighboring water 
molecules, thereby reducing the surface tension. Get a metal paper clip floating 
on the surface of some water and then carefully touch the water a few centime- 
ters away with the corner of a bar of wet soap or a dab of liquid detergent. You 
will be amazed at how quickly the surface tension is reduced. 

The strong surface tension of water is what prevents it from wetting mate- 
rials that have nonpolar surfaces, such as waxy leaves, umbrellas, and freshly 
polished automobiles. Rather than wetting (spreading out evenly), the water 
beads. This is good if the idea is to keep water away. lf we want to clean an 
object, however, the idea is to get it as wet as possible. This is another way 
in which soaps and detergents assist in cleaning, as Figure 17 illustrates. By 
destroying water“s surface tension, soaps and detergents enhance water“s 
ability to wet. The nonpolar grime on dirty fabrics and dishes, 
for example, ¡is then penetrated by the water more rapidly, 
making cleaning more efficient. 


) Nonpolar tail 
Soap or detergent 


molecule Polar head 


Water cà 6& 


^ Figure 1ó 

Soap or detergent molecules align themselves at the surface of liquid water so 
that their nonpolar tails can escape the polarity of the water. This arrangement 
disrupts the water's surface tension. 


^ Figure 17 
(a) Water beads on a surface that is clean and dhry. (b) On a plate 
smeared with a thin film of detergent, water spreads evenly, 

because the detergent has disrupted the waters surface tension. 


4 Figure 15 
(a) The surface tension in a freely falling 
weightless blob of water causes the water 
to take on a spherical shape. (b) Small 
blobs of water resting on a surface would 
also be spheres if it weren't for the force of 
gravity, which squashes them into beads. 
FORYOUR 


&@ INFORMATICON 


Hot water has less surface tension than 
cold water does because its faster- 
moving molecules are not bonded 

as tỉightly. With its lower surface 
tension, hot water is more effective at 
penetrating the fabrics of our clothing, 
which is why so many people choose 
to wash their clothes with hot water. 
Hot water“s low surface tension also 
permits the grease of soups to collect 
in liquidy blobs on the surface of soup. 
When the soup cools, the surface 
tension of the water increases and the 
grease spreads over the surface of 

the soup, making the soup taste more 
“greasy.” Hot soup tastes different 
from cold soup primarily because the 
surface tension of the water in the 
soup changes with temperature. 
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CHEMICAL 
CONNECTIONS 


How is a paper towel 
connected to a paintbrush? 


^ Figure 18 


Adhesive forces between water and glass cause water mol- 
ecules to creep up the sides of the glass, forming a meniscus. 


How Water Behaves 


Capillary Action——An Interplay of Adhesive and 
Cohesive Forces 


Because glass is a polar substance, there are adhesive forces between glass and 
water. These adhesive forces are relatively strong, and the many water molecules 
ađjacent to the inner surface of a glass container compete to interact with the 
ølass. They do so to the point of climbing up the inner surface of the glass above 
the water surface. Take a close look at the tube of colored water in Figure 18, and 
you ]l see that the water is curved up the sides of the glass. We call the curving of 
the water “s surface (or the surface of any other liquid) at the interface between it 
and ifs container a meniscus. 
Figure 19 illustrates what happens when a small-diameter 
ølass tube is placed in water. (1) Adhesive forces initially cause a 
relatively steeb meniscus. (2) As soon as the meniscus forms, the 
Adhesive forces ý § 
(dipole-dpoe  âttractive cohesive forces among water molecules respond to the 
Attractions) steepness by acting to minimize the surface area of the meniscus. 
The result ¡is that the water level in the tube rises. (3) Adhesive 
forces will then cause the formation of another steep meniscus. 
(4) This is followed by the acHon of cohesive forces, which cause 
the steep meniscus to be “filled in.” This cycle is repeated until 
the upward adhesive force equals the weipht of the raised water 
1n the tube. This rise of the liquid due to the interplay of adhesive 
and cohesive forces is called capillary action. 

In a tube that has an internal diameter of about 0.5 mil- 
limeter, the water rises slightly higher than 5 centimeters. In 
a tube that has a smaller diameter, there is a smaller volume 
and less weight for a given height, and the water rises much 
higher, as Figure 20 ¡illustrates. 


PP] 


Adhesive forces 


^ Figure 20 
Capillary tubes. The smaller the diameter 
of the tube, the higher the liquid rises. 
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Cohesive forces Adhesive forces Cohesive forces 


^ Figure 19 


Water is drawn up a narrow glass tube by an interplay of adhesive and cohesive forces. 


We see capillary action at work in many phenomena. lf a paintbrush is 
dipped into water, the water rises into the narrow spaces between the bristles 
by capillary acHon. Hang your haiïr in the bathtub and water seeps tp fO yOur 
scalp the same way. This is how oil moves up a lamp wick and how water 
moves up a bath towel when one end hangs in water. Dip one end of a lump of 
Sugar in coffee and the entire lump is quickly wet. The capillary action OcCur- 
ring between soil particles 1s important in bringing water to the roots of plants. 


CO NCETPTCHEGK 


An astronaut sticks a narrow glass tube into a blob of floating water 
while in orbit, and the tube fills with water. Why? 


CHECK YOUR ANSWER Capillary action causes the water to be drawn into 
the tube. In the freefall environment of an orbiting spacecraft, however, there is no 
downward force to stop this capillary action. As a result, the water continues to creeb 
along the inner surface of the tube until the tube ¡s filled. 
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4 Water Molecules Move Freely between the Liquid and Gaseous Phases 


EXPLAIN THIS 
What is inside a bubble of boiling water? 


Molecules of water in the lquid phase move about in all direcHons at different 
speeds. Some of these molecules may reach the liquid“s surface moving fast 
enouph to overcome the hydrogen bonds and escape into the gaseous phase. 
This process of molecules converting from the liquid phase to the gaseous 
phase is called zuaporafiơn (also sometimes called øøporizafion). The opposite of 
evaporation is codensation—the changing of a gas to a liquid. At the surface of 
any body of water, there is a constant exchange of molecules from one phase to 
the other, as illustrated in Figure 21. 

As evaporating molecules leave the liquid phase, they take their kinetic energy 
with them. This has the efect of lowering the average kinetic energy of all of the 
molecules remaining ïn the liquid, and the lqưid is cooled, as Figure 22 shows. 
Evaporation also has a cooling effect on the surrounding aïr, because liquid mol- 
ecules that escape into the øaseous phase are moving relatively slowly compared 
to other molecules in the air. This makes sense when you consider that these newly 
arrived molecules lost a fair amount of their kinetic energy in overcoming the 
hydrogen bonds of the liquid phase. Adding these slower molecules to the sur- 
rounding air effectively decreases the average kinetic energy of all the molecules 
making up the atr, and the air is cooled. So no matter how you look at it, eVapora- 
tion is a cooling process. Figure 23 shows a useful application of this cooling effect. 

As water cools, the rate of evaporation slows down, because fewer molecules 
have sufficient energy to escape the hydrogen bonds of the liquid phase. A higher 
rate of evaporation can be maintained if the water is in contact with a relatively 
warm surface, such as your skin. Body heat then flows from you into the water. 
In this way the water maintains a higher temperature, and evaporation contin- 
ues at a relatively high rate. This is why you feel cool as you dry off after getting 
wet—you are losing body heat to the energy-requiring process Of evaporation. 

When your body overheats, your sweat glands produce perspiration. The 
evaporation of perspiration cools you and helps you maintain a stable body 
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đ@) Liquid water molecule @) Liquid water is cooled as @) Molecule enters gaseous 


having sufficient kinetic it loses this high-speed phase, having lost kinetic 
energy to overcome water molecule. energy in overcoming 
surface hydrogen bonding hydrogen bonding at 
approaches liquid surface. the liquid surface. Air is 


cooled as it collects these 
slow-moving gaseous 


ticles. 
^ Figure 22 pm 


Evaporation is a cooling process. 


LEARNING OBJECTIVE 


Show, on a molecular level, how 
evaporation and condensation lead 
to cooling and warming effects, 
respectively, and how they relate 
to the process of boiling. 


'Water vapor 
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Liquid water 


^ Figure 21 
The exchange of molecules at the interface 
between liquid and gaseous water. 


^ Figure 23 

When wet, the cloth covering on this 
canteen promotes cooling. As the faster- 
moving water molecules evaporate from 
the wet cloth, its temperature cecreases 
and cools the metal, which in turn cools 
the water in the canteen. 
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(a) 


CHEMICAL 
CONNECTIONS 


How is a hurricane connected 
to the hydrogen bond? 


How Water Behaves 


4 Figure 24 
(a) Dogs have no sweat glands (except between their 
toes). They cool themselves by panting. In this way, 
evaporation occurs in the mouth and the bronchial 
tract. (b) Pigs have no sweat glands and therefore 
cannot cool off by the evaporation of perspiration. 
Instead, they wallow in the mud to cool themselves. 


temperature. Many animals, such as those shown in Figure 24, do not have 
sweat glands and must cool themselves by other means. 


CONCEPTCHECK 


lf water were less “sticky,“ would you be cooled more or less by its 
evaporation? 


CHECK YOUR ANSWER Water molecules leave the liquid phase only when they have 
enough kinetic energy to overcome hydrogen bonding. lt is hydrogen bonding that 
makes water sticky, so to say that water is |ess sticky is to say that hydrogen bonds are 
weaker than they actually are. Then at a given temperature, more molecules in the liquid 
phase would have sufficient kinetic energy to overcome the weaker hydrogen bonds and 
escape into the gaseous phase, carrying heat away from the liquid. The cooling power of 
evaporating water would therefore be greater. This is why less “sticky” substances, such 
as rubbing alcohol, have a noticeably greater cooling effect as they evaporate. 


Warm water evaporates, but so does cool water. The only diference is that 
cool water evaporates at a slower rate. Even frozen water “evaporates.“ This form 
Of evaporation, in which molecules jump directly from the solid phase to the gas- 
eous phase, is called sublimation. Because water molecules are so firmly held in 
the solid phase, frozen water does not release molecules into the øaseous phase as 
readily as liquid water does. Sublimation, however, does account for the loss of 
sipnificant portions of snow and ice, especially on sunny, dry mountaintops. Its 
also why ice cubes left in the freezer for a long time tend to get smaller. 

At the surface of any body of water, there is condensation as welÏ as evapo- 
ration, as Figure 21 indicates. Condensation occurs as slow-moving water vapor 
molecules collide with and stick to the surface of a body of lquid water. Fast- 
moving water vapor molecules tend to bounce off each other or off the liquid sur- 
face, losing little of their kinetic energy. Only the slowest gas molecules condense 
into the liquid phase, as Figure 25 ¡llustrates. As this happens, energy is released as 
hydrogen bonds are formed. This energy is absorbed by the liquid and increases its 
temperature. Condensation involves the removal of slower-moving water vapor 
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molecules from the gaseous phase. The average kinetic energy of the remaining 
water vapor molecules is therefore increased, which means that the water vapor 
1s warmer. So no matter how you look at it, condensation is a warming process. 

A dramatic example of the warming that results from condensation is the 
energy given up by water vapor when it condenses—a potentially painful 
experience ¡f it condenses on you. Thats why a burn from 100°C water vapor 
is much more damaging than a burn from 100°C liquid water; the water vapor 
gives up considerable energy when it condenses to a liquid and wets the skin. 
This energy released by condensation ¡s utilized in heating systems, such as the 
household radiator shown in Figure 2ó. 

The water vapor in our atmosphere also øives up energy as it condenses. 
Thịs is the energy source for many weather systems, such as hurricanes, which 
derive much of their energy from the condensation of water vapor contained 
in humid tropical air, as Figure 27 illustrates. The formation of 1 inch of rain 
Over an area of 1 square mile yields the energy equivalent of about 32,000 tons 
of exploded dynamite. 

After you take a shower, even a cold one, you are warmed by the heat 
energy released as the water vapor in the shower stall condenses. You quickly 
sense the difference if you step out of the stall, as the chilly guy in Figure 28 is 
finding out. Away from the moisture, the rate of evaporation is much higher 
than the rate of condensation, and as a result, you feel ch¡illy. When you remain 
in the shower stall, where the humidlity is higher, the rate of condensation is 
increased, so you feel that muụch warmer. Now you know why you can dry 
yourself with a towel much more comfortably if you remain in the shower stall. 

Spend a July afternoon in dry Tucson or Las Vegas and you'lÏ soon notice 
that the evaporation rate is appreciably greater than the condensation rate. The 
result of this pronounced evaporation is a much cooler feeling than you would 
©experience on a same-temperature July afternoon in New York City or New 
Orleans. In these humid locations, condensation outpaces evaporation, and 
you feel the warming effect as water vapor in the air condenses on your skin. 


G1ÔOÀNC ETlETDn©cHECK 


lf the water level in a dish of water remains unchangedl from one day to the 
next, can you conclude that no evaporation or condensation ¡is taking place? 


CHECK YOUR ANSWER Not at all, for there is much activity taking place at the 
molecular level. Both evaporation and condensation occur continuously and simultane- 
ously. The fact that the water level remains constant indicates equal rates of evapora- 
tion and condensation—the number of HạO molecules leaving the liquid surface by 
evaporation is equal to the number entering the liquid by condensation. 


4 Figure 25 


Condensation is a warming process. 


^ Figure 2ó 
Heat is given up by water vapor when the 
vapor condenses inside the radiator. 


^ Figure 27 

As it condenses, the water vapor in humid 
tropical air releases ample quantities 

of heat. Continued condensation can 
sometimes lead to powerful storm 
systems, such as hurricanes. 


^ Figure 28 

lf you re chilly outside the shower stall, steb 
back inside and be warmed by the conden- 
sation of the excess water vapor there. 


267 


_,ŸÑ` Ð"". 


What does the pressure inside a bubble 
of boiling water equal or exceed? 


) Figure 29 

Boiling occurs when water molecules 

in the liquid are moving fast enough to 
generate bubbles of water vapor beneath 
the surface of the liquid. 


&@ FORYOUR 
INFORMATION 


Recall from Section 2 that adding salt 
lowers the freezing point of water. 
The reason is because the presence 
of a solute decreases the number of 
water molecules in contact with the 
surface of an ice crystal. Interestingly, 
salt water has a higher boiling point 
†or similar reasons. In salt water, fewer 
water molecules at the liquid“s surface 
are able to escape into the gaseous 
phase. This makes evaporation 

more difficult. Higher temperatures, 
therefore, are needed to get the salt 
water boiling. 
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Boiling Is Evaporation beneath the Surface 


When liquid water ¡is heated to a sufficiently hiph temperature, bubbles of 
water vapor form beneath the surface. These bubbles are buoyed to the surface, 
where they escape, and we say the liquid is boimg. As shown in Figure 29, 
bubbles can form only when the pressure of the vapor inside them is equal to 
or greater than the combined pressure exerted by the surrounding water and 
the atmosphere above. At the boiling point of the liquid, the pressure inside the 
bubbles equals or exceeds the combined pressure of the surrounding water and 
the atmosphere. At lower temperatures, the pressure inside the bubbles is not 
enouph, and the surrounding pressure collapses any bubbles that form. 


Atmospheric 
pressure 


Water 
pressure 


| Vapor 
pressure 


Œ@) As liquid water is heated, 
molecules gain enough 
energy to evaporate 
beneath the surface, forming 
bubbles of water vapor. 


@ Before the boiling point is reached, 
the pressure of the water vapor 
inside the bubbles is less than the 
sum of atmospheric pressure plus 
water pressure. As a result, the 
bubbles of water vapor collapse. 


We see this evaporation 
as boiling. 


@®) At the boiling point, the pressure 
of the water vapor inside the bubbles 
equals or exceeds the sum of atmo- 
spheric pressure plus water pressure. 
As a result, the bubbles of water vapor 
are buoyed to the surface and escape. 


At what poïnt boiling begins depends not only on temperature but also on 
pressure. This includes the pressure from the weight of the surrounding liquid 
as well as the pressure from the weight of the atmosphere at the surface. As 
atmospheric pressure increases, the vapor molecules inside any bubbles that 
form must move faster in order to exert enough pressure from inside the bubble 
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to counteract the additional atmospheric pressure. So increasing the pressure 
exerted on the surface of a liquid raises its boiling poïnt. A cooking application 
of this effect of increased pressure is shown in Figure 30. 

Conversely, lower atmospheric pressure (as at hiph altitudes) decreases 
the boiling poïint of the liquid, as Figure 31 ¡llustrates. In Denver, Colorado, the 
Mile-Hiph City, for example, water boils at 95°C instead of the 100°C boiling 
temperature at sea level. lf you try to cook food in boiling water that is cooler 
than 100°C, you must wait a longer time for proper cooking. A three-minute 
boiled egg in Denver is runny and undercooked. If the temperature of the 
boiling water were very low, food would not cook at all. As the German moun- 
taineer Heinrich Harrer noted in his book Seøen Years 1 Tibet, at an altitude of 
4500 meters (15,000 feet) or higher, you can sip a cụp of boiling tea without any 
danger of burning your mouth. 

Boiling, like evaporation, is a cooling process. At first thought, this may 
seem surprising—perhaps because we usually associate boiling with heating. 
But heating water is one thing; boiling it is another. As shown in Figure 32, 
boiling water ¡is cooled by boiling as fast as it is heated by the energy from 
the heat source. So boiling water remains at a constant temperature. lf cool- 
¡ng did not take place, continued application of heat to a pot of boiling water 
would raise the temperature of the water. The reason the pressure cooker in 
Figure 30 reaches higher temperatures is that boiling 1s forestalled by increased 
pressure, which in effect prevents cooling. 


G6) G Eaic hiECK 
ls boiling a form of evaporation, or is evaporation a form of boiling? 


CHECK YOUR ANSWER Bolling is evaporation that takes place beneath the 
surface of a liquid. 


A simple experiment that dramatically shows the cooling effect of 
evaporation and boiling consists of a shallow dish of room-temperature 
water in a vacuum jar. When the pressure in the jar is slowly reduced by a 
vacuum pưmp, the water starts to boil. The boiling process takes heat away 
from the water, which consequently cools. As the pressure is further reduced, 
more and more of the slower-moving liquid molecules boil away. Continued 
boiling results in a lowering of the temperature until the freezing point of 


^ Figure 31 
The boiling point of water (as well as other liquids) decreases with 
increasing altitude. 


^ Figure 30 

The tight lid of a pressure cooker holds 
pressurized vapor above the water surface, 
and this inhibits boiling. In this way, 

the boiling temperature of the water is 
increased. Any food placed in this hotter 
water cooks more quickly than food placed 
in water boiling at 100°C. 


Energy leaving 
water (cooling) 


— 


Energy entering 
water (heating) 


^ Figure 32 

Heating warms the water from below, and 
boiling cools ít from above. The net result 
is a constant temperature for the water. 
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^ Figure 33 
ln a vacuum, water can freeze and boil at 
the same time. 
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approximately 0°C is reached. Continued cooling by boiling causes ice to 
form over the surface of the bubbling water. Boiling and freezing take place at 
the same time! The frozen bubbles of boiling water in Figure 33 are a remark- 
able sight. 

Spray some drops of coffee into a vacuum chamber and they, too, boil 
until they freeze. Even after they are frozen, the water molecules continue to 
evaporate into the vacuum until all that is left to be seen are little crystals of 
coffee solids. This is how freeze-dried coffee is made. The low temperature 
of this process tends to keep the chemical structure of the coffee solids from 
changing. When hot water is added, much of the original flavor of the coffee 
1s retained. 

The refrigerator also employs the cooling effect of boiling. A liquid coolant 
that has a low boiling point is pumped into the coils inside the refrigerator, 
where the liquid boils (evaporates) and draws heat from the food stored in 
the refrigerator. Then the coolant in its gas phase, along with its added energy, 
is directed outside the refrigerator to coils located in the back, appropriately 
called condensation coils, where heat is given off to the air as the coolant con- 
denses back to a liquid. A motor pumps the coolant through the system as it 
undergoes the cyclic process of vaporization and condensation. The next time 
you re near a refrigerator, place your hand near the condensation coils in the 
back; you'1l feel the heat that has been extracted from inside. 

An aïr conditioner employs the same principle, pumping heat energy from 
inside a building to outside the building. Turn the air conditioner around so 
that inside cold is pumped outside and the air conditioner becomes a type of 
heater known as a heat pưmp. 


5_lt Takes a Lot of Energy to Change the Temperature of Liquid Water 


LEARNING OBJECTIVE 


Describe how the formation and 
breaking of hydrogen bonds 
are responsible for waters high 
specific heat and relate this to 
global climate. 


.ẳJẨJm 


What happens to the energy added to 
a material? 
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EXPLAIN THIS 


Why does pie filling remain hot for a longer time compared to the pie crust? 


Have you ever noticed that some foods stay hot mụuch longer than others? The 
filling of a hot apple pie can burn your tongue while the crust does not, even 
when the pie was just taken out of the oven. A piece of toast may be comfort- 
ably eaten a few seconds after coming from a hot toaster, whereas you must 
wait several minutes before eating hot soup. 

Diferent substances have different capacities for storing energy. This is 
because different materials absorb energy in different ways. The added energy 
may increase the jiggling motion of molecules, which raises the temperature, or 
it may pull apart the attractions among molecules and therefore øo into potential 
energy, which does not raise the temperature. Generally, there is a combination of 
the two ways. 

It takes 4.184 joules of energy to raise the temperature of 1 gram of liquid 
water by 1°C. As you can see in Figure 34, it takes only about one-ninth as 
much energy to raise the temperature of 1 gram of iron by the same amount. 
In other words, compared to iron, water absorbs more heat for the same 
change in temperature. We say water has a hipher specific heat, defined 
as the quantity of heat required to change the temperature of 1 gram of a 
substance by 1°. 

We can think of specific heat as thermal inertia. ImerHa is a term 
used in physics to sipnify the resistance of an object to a change ¡in 
i1ts state of motion. Specifc heat is like a thermal version of inertia 
because it signifies the resistance of a substance to a change in 
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Temperature (”C) 


I I I I 
| 1.000 2.000 3.000 4.000 | 


0.451 4.184 
Heat added to 1 gram of material (J) 


temperature. Each substance has its own characteristic specific heat, which 
may be used to assist in its identification. Some typical values are given in 
Table 1. 

Guess why water has such a high specific heat. Once again, the answer 
1s hydrogen bonds. When heat is applied to water, much of the heat is con- 
sumed ¡in breaking hydrogen bonds. Broken hydrogen bonds are a form 
of potential energy (Just as two magnets pulled apart are a form of poten- 
tial energy). Much of the heat added to water, therefore, is stored as this 
potential energy. Consequently, less heat is available to increase the kinetic 
energy of the water molecules. Because temperature is a measure of kinetic 
energy, we find that as water is heated, its temperature rises slowly. By the 
same token, when water ¡is cooled, its temperature drops slowly-—as the 
kinetic energy decreases, molecules slow down and more hydrogen bonds 
are able to re-form. This in turn releases heat that helps to maintain the 
temperature. 


TABLE 1 Specific Heat for Some Common Materials 
MATERIAL SPECIFIC HEAT (J/g - °C) 
Ammonia, NH; 4.70 
Liquid water, H,O 4.184 
Ethylene glycol, C;H,O; (antifreeze) 2.42 
lce, H;O 2.01 


Water vapor, H;Os 2.0 

Aluminum, AI 0.90 
lron, Fe 0.451 
Silver, Ag 0.24 
Gold, Au 0.13 


€CONCEPTCHECGKEK 


Hydrogen bonds are not broken as heat is applied to ice (provided the 
ice doesn't melt) or water vapor. Would you therefore expect ice and 
water vapor to have specific heats that are greater or less than that of 
liquid water? 


CHECK YOUR ANSWER As Table 1 shows, the specific heats of ice and water 
vapor are about half that of liquid water. Only liquid water has a remarkable specific 
heat. This is because the liquid phase ¡is the only phase in which hydrogen bonds are 
continually breaking and re-forming. 


4 Figure 34 

lt takes only 0.451 joule of heat to raise 
the temperature of 1 gram of iron by 1°C. 
A 1-gram sample of water, by contrast, 
requires a whopping 4.184 joules for the 
same temperature change. 


&@ FORYOUR 
INFORMATION 

A material with a high specific heat 

has a great capacity to hold onto heat, 

which is why specific heat is sometimes 
referred to as heat capacity. Water 

has a great capacity for holding onto 


heat. You can think of water as a very 
effective “heat sponge.” 
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FORYOUR 


3 INFORMATION 


The outer edge of a carousel platform 
always provides the fastest ride, 
because it travels a greater distance 
for each rotation. Similarly, because 
the Earth spins, those living closer 

to the equator travel farther, and 
hence faster, in a single day. When 
objects not fixed to the ground—such 
as air, water, airplanes, and ballistic 
missiles—move towardl the equator, 
they are unable to keep up with the 
ever-faster moving ground beneath 
them. Because the Earth rotates to the 
east, these free-moving objects lag 
behind, which gives them an apparent 
motion to the west. Conversely, a free- 
moving object heading away from the 
equator deviates to the east, because 
it is maintaining the greater eastward- 
directed speed it had by being closer 
to the equator. This is callec the 
Coriolis effect. Ocean currents heading 
toward the equator, for example, tend 
to deviate to the west, while currents 
heading away from the equator tend 
to deviate to the east. This explains 
why ocean currents in the northern 
hemisphere tend to circulate clockwise, 
while those in the southern hemisphere 
tend to circulate counterclockwise, as 
is evident in Figure 35. Why do you 
suppose airplane pilots need to be well 
acquainted with the Coriolis effect? 
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Global Climates Are Influenced by Water“s 

High Specific Heat 

The tendency of liquid water to resist changes in temperature improves the 
climate in many places. For example, notice the high latitude of Europe in 
Figure 35. If water did not have a hiph specific heat, the countries of Europe 
would be as cold as the northeastern regions of Canada, because both Europe 
and Canada get about the same amount of sunlight per square kilometer of sur- 
face area. An ocean current carries warm water northeast from the Caribbean. 
The water holds much of its thermal energy long enough to reach the North 
Atlantic of the coast of Europe, where the water then cools. The energy 
released, 4.184 joules per degree Celsius for each gram of water that cools, is 
carried by the westerly winds (winds that blow west to east) over the European 
continent. 

The winds in the latitudes of North America are westerly. Ôn the west- 
ern coast of the continent, therefore, air moves from the Pacific Ocean to the 
land. Because of water“s high specific heat, ocean temperatures do not vary 
much from summer to winter. Ín winter, the water warms the air, which 1s 
then blown eastward over the coastal regions. In summer, the water cools the 
air and the coastal regions are cooled. Ơn the eastern coast of the continent, 
the temperaturemoderating effects of the Atlantic Ocean are significant, but 
because the winds blow from the west—over land——temperature ranges in 
the east are much greater than in the west. San Francisco, for example, is 
warmer in winter and cooler in summer than is Washington, D.C., which is at 
about the same latitude. 

Islands and peninsulas, because they are more or less surrounded by 
water, do not have the extremes of temperatures observed ¡in the interior 
of a continent. The hiph summer temperatures and low winter tempera- 
tures common in Manitoba and the Dakotas, for example, are largely due 
to the absence of large bodies of water. Europeans, islanders, and people 
living near ocean air currents should be glad that water has such a hipgh 
specific heat. 


^ Figure 35 
Many ocean currents, shown in blue, distribute heat from the warmer equatorial regions to the 
colder polar regions. 
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CƠONCEPTrCHEC€GK 
Which has a higher specific heat, water or sand? 


`. l⁄ 
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CHECK YOUR ANSWER As suggested by the illustration, the temperature of wa- 
ter increases less compared to the temperature of sand in the same sunlight. Water 
therefore has the higher specific heat. Those who visit the beach frequently know that 
beach sand quickly turns hot on a sunny day, while the water remains relatively cool. 
At night, however, the sand feels quite cool, while the water”s temperature feels about 


the same as it did during the day. 


CALCULATION CORNER HOW HEAT CHANGES TEMPERATURE 


Heat must be applied to increase the temperature of a 
material. Conversely, heat must be withdrawn from a 
material in order to decrease its temperature. The amount 
of heat required for a given temperature change is 
calculated from the equation 


heat = specific heat x mass x temperature change 


We can use this formula for any material, provided there 
1s no change of phase over the course of the temperature 
change. The value of the temperature change is obtained 
by subtracting the initial temperature T, from the final 
temperature Tự 


temperature change = Tr~ T; 


EXAMPLE † 


Hlow much heat is required to increase the temperature of 
1.00 gram of liquid water from an initial temperature of 
30.0°C to a final temperature of 40.0°C? 


ANSWER † 


The temperature changeis T; — T; = 40.0°C — 30.0°C = 
+10.0°C. To find the amount of heat needed for this tem- 
perature change, multiply this positive change by the 
water“s specific heat and mass: 


] 


heat = (am =E) (1.00 g)(+10.0°C) = 41.8] 


The temperature decrease that occurs when heat is 
removed from a material is indicated by a negative sign, 
as is shown in the next example. 


EXAMPLE 2 


A glass containing 10.0 grams of water at an initial tem- 
perature of 25.0°C is placed in a refrigerator. How much 
heat does the refrigerator remove from the water as the 
water is brought to a final temperature of 10.0°C? 


ANSWER 2 


The temperature changeis T; — T;¡ = 10.0°C — 25.0%C = 
—15.0°C. To find the heat removed, multiply this negative 
temperature change by the water“s specific heat and mass: 


J 
g€ 


heat = (sim ) (10.0 g)(—15.0°C) = —628] 


YOUR TURN 


1. A residential water heater raises the temperature of 
100,000 grams of liquid water (about 26 gallons) from 
25.0°C to 55.0°C. How much heat was applied? 


2. How much heat must be extracted from a 10.0-pram 


) 1n order to 


° 


ice cube sp«iec heat = 2.01 


bring its temperature from a chilly —10.0°C to an even 
ch¡llier -30.0°C? 


The anstuers for CalculaHon Corners appear at the end oƒ the 
Chapter. 
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ó_ A Phase Change Redquires the lnput or Output of Energy 


LEARNING OBJECTIVE 


ldentify the molecular processes 
that occur as a substance, such as 
water, changes phase and explain 
how this necessarily involves the 
Input or outbut of eneroy. 


"H...-. 


What does the change of a substance's 
phase involve? 


———Energy absorbed——> 


<—— Energy released——— 


^ Figure 3ó 
Energy changes with change of phase. 
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EXPLAIN THIS 


How does holding a wet finger in the air help to determine the 
direction of the wind? 


Any phase change involves the breaking or forming of molecular attractions. 
The changing of a substance from a solid to a liquid to a gas, for example, 
involves the breaking of molecular attracHons. Phase changes in this direction 
therefore require the input of energy. Conversely, the changing of a substance 
from a gas to a liquid to a solid involves the forming of molecular attractions. 
Phase changes in this direction therefore result in the release of energy. Both 
these directions are summarized in Figure 3ó. 

Consider a 1-pgram piece of ice at -50°C put on a stove to heat. A thermom- 
eter in the container reveals a sÌlow increase in temperature tp to 0°C, as shown 
in Figure 37. At 0°C, the temperature stops rising, even though heat is still 
being added, and for now, all the added heat goes into melting the 0°C ice, as 
indicated in Figure 38. This process of melting 1 gram of ice requires 335 Joules. 
Only when all of the ice has melted does the temperature begin to rise again. 
Then for every 4.184 joules absorbed, the water increases its temperature by 
1°C until the boiling temperature, 100°C, is reached. At 100°C, the temperature 
again stops rising even though heat is still being added, for now all the added 
heat is goïng into evaporating the liquid water to water vapor. The water must 
absorb a stunning 2259 joules of heat to evaporate all the liquid water. Einally, 
when all the liquid water has become vapor at 100°C, the temperature begins 
to rise once again and continues to rise as long as heat is added. 

When the phase changes are in the opposite direction, the amounts of heat 
energy shown in FEigure 37 are the amounts rcleased—2259 joules per gram 
when water vapor condenses to liquid water and 335 joules per gram when 
liquid water turns to ice. The processes are reversible. 


Co 0 0C EbirchECk 


From Figure 37, deduce how much energy (in joules) is transferred when † 
gram of 


a. water vapor at 100°C condenses to liquid water at 100°C. 
b. liquid water at 100°C cools to liquid water at 0°C. 
c. liquid water at 0°C freezes to ice at 0°C. 


d. water vapor at 100°C turns to ice at 0°C. 


CHECK YOUR ANSWERS 

a. 2259 joules 

b. 418 joules 

c. 335 joules 

d. 3012 joules (2259 joules + 418 joules + 335 joules) 
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Heat added (J) 


The amount of heat energy required to change a solid to a lquid is called 
the heat of melting, and the amount of heat energy released when a liquid 
freezes is called the heat of freezing*. Water has a heat of melting of +335 Joules 
per gram. The positive sign indicates that this is the amount of heat energy that 
must be added to ice to melt it. Water s heat of freezing is =335 joules per gram. 
The negative sign indicates that this is the amount of heat energy that is released 
from liquid water as it freezes—the same amount that was required to melt it. 

The amount of heat energy required to change a liquid to a gas 1s called the 
heat of vaporization. For water, this is +2259 Joules per gram. The amount of 
heat energy released when a gas condenses is called the heat of condensation. 
For water, this is -2259 joules per gram. These values are hiph relative to the 
heats of vaporization and condensation for most other substances. This is due 
to the relatively strong hydrogen bonds between water molecules that must be 
broken or formed during these processes. 


(ý @) |N| Œ |E.|r Ịl (S |n| |3 Le |s< 
Can you add heat to ice without melting ït? 


CHECK YOUR ANSWER A common misconception is that ice cannot have a 
temperature lower than 0°C. In fact, ice can have any temperature below 0°C, down to 
absolute zero, -273°C. Adding heat to ice below 0°C raises its temperature, say, from 
-200°C to -100°C. As long as its temperature stays below 0°C, the ice does not melt. 


Although water vapor at 100°C and liquid water at 100°C have the same 
temperature, each gram of the vapor contains an additional 2259 joules of 
potential energy. As the molecules bind together to a liquid phase, this 2259 
joules per gram is released to the surroundings in the form of heat. In other 
words, the potential energy of the far-apart water vapor molecules transforms 
to heat as the molecules get closer together. This ¡s like the potential energy of 
two attracting magnets separated from each other; when released, their poten- 
tial energy is converted first to kinetic energy and then to heat as the magnets 
strike each other. 

Water“s high heat of vaporization allows you to br¡izffy touch your :0etfed 
finger to a hot skillet or hot stove without harm. This is because energy that 
ordinarily would go into burning your finger goes instead into changing the 
phase of the moisture on your finger from liquid to vapor. You can judge the 
hotness of a clothes iron in the same way——with a :ø0et finger. 


*The term heñf öƒ ƒiision 1s commonly used to indicate either heat of melting or heat of freezing. 


4 Figure 37 

A graph showing the heat energy involved 
in converting 1 gram of ice initially at 
250°C to water vapor. The horizontal 
portions of the graph represent regions 
of constant temperature. 


^ Figure 38 

Add heat to melting ice and there is 

no change in temperature. The heat is 
consumed in breaking hydrogen bonds. 


CHEMICAL 
CONNECTIONS 


How is the time it 

takes to warm a pot of 
water connected to the 
consistently warm climate 
of Hawaii? 
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) Figure 40 
Tracy Suchocki walks with wetted bare feet 
across red-hot wood coals without harm. 
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^ Figure 39 
Water extinguishes a flame by absorbing much of the heat the fire needs to sustain itself, as 
well as by wetting, which blocks oxygen from reaching the burning material. 


The firefighters in Figure 39 know that certain types of flames are best 
extinguished with a fine mist of water rather than a steady stream. The fine mist 
readily turns to water vapor and in doïng so quickly absorbs heat energy and 
cools the burning material. 

Water s hiph heat of vaporization makes walking barefooted on red-hot 
coals more comfortable, as shown in Figure 40. When your feet are wet, either 
because they are perspiring or because you are stepping off wet grass, much 
of the heat from the coals is absorbed by the water and not by your skin. 
(Firewalking also relies on the fact that wood is a poor conductor of heat, even 
when ït is in the form of red-hot coals.) 


How Water Behaves 


Many of the properties of water we have explored in this chapter at 
the molecular level are nicely summarized in the scene shown ¡in Figure 41. 
First, notice that the massive bear is jumping from floating ice. The ice floats 
because hydrogen bonds hold together the H,O molecules in the ice in an 
open crystalline structure that makes the ice less dense than the liquid water. 
Because so much energy is required both to melt ice and to evaporate liquid 
water, most of the Arctic ice remains in the solid phase throughout the year. 
Where the seawater is in contact with the ice, the temperature ¡is lower than 
0°C because salts dissolved in the seawater inhibit the formation of ice crys- 
tals and thereby lower the freezing point of the seawater. The high specific 
heat of the Arctic Ocean beneath the bear moderates the Arctic climate. It 
gets cold in the Arctic in winter, yes, but not as cold as it gets in Antarctica, 
where the specific heat of the mile-thick ice is only half that of the liquid 
water predominating ¡n the Arctic. Covered by ice with its much lower spe- 
cific heat, Antarctica experiences much greater extremes in temperature than 
does the Arctic. 


^ Figure 41 
What remarkable properties of water can you find in this photograph? 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


Relate the physical properties of ice to its 
crystalline structure. (1) 


Identify the molecular processes involved in the 
freezing and melting of water, explain the impact 
of a solute on these processes, and explain why 
water is most dense at 4°C. (2) 


Describe how cohesive and adhesive forces 
give rise to surface tension and capillary action. (3) 


Show, on a molecular level, how evaporation and 
condensation lead to cooling and warming effects, 
respectively, and how they relate to the process of 
boiling. (4) 


Describe how the formation and breaking of hydrogen 
bonds are responsible for waters high specific heat and 


relate this to global climate. (5) 


ldentify the molecular processes that occur as a 
substance, such as water, changes phase and 
explain how this necessarily involves the input or 
output of energy. (6) 


SUMMARY OF TERMS 


Adhesive force An attractive force between molecules of two 
đifferent substances. 


Capillary action The rising of liquid into a small vertical space 
due to the interplay of cohesive and adhesive forces. 


Cohesive force An attractive force between molecules of the 
same substance. 


Heat of condensation The energy released by a substance as it 
transforms from gas to liquid. 


Heat of freezing The heat energy released by a substance as it 
transforms from liquid to solid. 


Heat of melting The heat energy absorbed by a substance as it 
transforms from solid to liquid. 


READING CHECK OUESTIONS 


1 Water Molecules Form an Open Crystalline Structure 


¡in lce 


1. What accounts for the fact that ice is less dense as 
compared to water? 


2. What is inside one of the open spaces of an ice crystal? 
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Heat of vaporization The heat energy absorbed by a substance 
as it transforms from liquid to gas. 
Meniscus The curving of the surface of a liquid at the 
interface between the liquid surface and its container. 
Specific heat The quantity of heat required to change the 
temperature of 1 gram of a substance by 1 Celsius degree. 
Sublimation The process of a material transforming from 
a solid directly to a gas without passing through the 
liquid phase. 
Surface tension The elastic tendency found at the surface of 
a quid. 


(COMPREHENSION) 


3. What happens to ice when great pressure is applied to it? 


2 Freezing and Melting Go On at the Same Time 


4. What ¡s released when a hydrogen bond forms between 
two water molecules? 


How Water Behaves 


S. When the temperature of 0°C liquid water is increased 
slightly, does the water undergo a net expansion or a net 
contraction? 

ó. At what temperature do the competing effects of 
contraction and expansion produce the smallest volume 
for liquid water? 


3 Liquid Water“s Behavior Results from the Stickiness 
of lts Molecules 


7. What is the difference between cohesive forces and 
adhesive forces? 


8. In what direction is a water molecule on the surface 
pulled? 


9. Does liquid water rise higher in a narrow tube or a 
wide tube? 


4 Water Molecules Move Freely between the Liquid 
and Gaseous Phases 


10. Do all the molecules in a liquid have about the 
same speed? 

11. Why do we feel uncomfortably warm on a hot, 
humid day? 

12. Is it the pressure or the hipher temperature that cooks 
food faster in a pressure cooker? 


13. What condition permits liquid water to boiïl at a 
temperature below 100°C? 


5 lt Takes a Lot of Energy to Change the Temperature 
of Liquid Water 


14. Is it easy or difficult to change the temperature of a 
substance that has a low specific heat? 


15. Does a substance that heats up quickly have a high or a 
low specific heat? 

1ó. How does the specific heat of liquid water compare with 
the specific heats of other common materials? 


17. What within liquid water is most responsible for its 
unusual specific heat? 


6 A Phase Change Requires the lnput or Output 
of Energy 


18. When liquid water freezes, is heat released to the 
surroundings or absorbed from the surroundings? 

19. Why doesn/t the temperature of melting ice rise as the ice 
1s heated? 

20. How much heat is needed to melt 1 gram of ice? Give 
your answer in joules. 

21. Why does it take so much more energy to boil 10 grams 
of liquid water than it takes to melt 10 grams of ice? 


CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


22. The principle behind ice-skating can be used to pass 
a metal wire through a block of ice. Create a large 
bubble-free ice block by adding recently boiled water 
to a plastic tub and freezing it in your freezer. Drape 
a thin metal wire across the ice block as shown in the 
drawing. Dumbbells or water-filled Jugs can be used as 
the weights. Once the wire has passed through, knock 
the ice with a hammer and see where it breaks. In the 
days before refrigerators, this was the way large ice 
blocks were cut to size for the kitchen icebox. What do 
you suppose would happen if string were used instead 
of wire? Why ¡is thin wire preferable to thick wire? 


23. Glue-gun a plastic mesh screen in the mouth of an opaque 
plastic bottle just beneath the rim. Impress your friends 
by pouring water back and forth between this bottle and 
another one just like it but without the secret screen. With 
the water in your specially prepared bottle, place a card 
on top of the bottle. Hold the card and invert the bottle. 
Ask your friends what will happen when you take your 
hand off the card. They]I be amazed to see that the card 
stays. Be sure to explain the role of atmospheric pressure. 
Next, ask them what will happen when you knock off the 
card. They ]l be even more amazed to see that the water 
doesnt come out. Finally, take a thin skewer stick and 
poke it up into the screen and ask what will happen when 
you let go of the stick. Let go of the stick and tell your 
friends that they”re witnessing a “stckup.” Of course, 
follow up with an explanation of the role that water “s sur- 
face tension plays. 


24. Place a cụp of salt and a cup o£ rice side by side on a 
piece of aluminum foil on a baking sheet. Heat the salt 
and rice for 10 minutes in an oven preheated to 250°C. 
Pour the salt and rice into two separate mugs. Which 
cools down faster? If you dont have a thermometer, 
judge their cooling rates by cautious touch. Which has 
the lower specific heat? Why does the heated rice adhere 
to the side of the mug? 


279 


How Water Behaves 


25. Put the high specific heat of water to practical use by keep- 


ing warm on cold evenings or by soothing painful cramps. 
Fill a clean sock three-quarters full with rice, which by 

1ts nature absorbs a lot of moisture from the air. Tie the 
open end closed with a string (don't use metal wire!) and 
cook in a microwave for a couple of minutes. (Don/t use 

a conventional oven!) The moisture in the grains becomes 
apparent when you take the sock out of the oven—the 
released moisture has made the sock sliphtly damp. Wrap 
the sock around your neck for instant gratification. Need 

a neck cooler? Store the rice-filled sock in the freezer. 

The moisture in the rice stays cold for a long time. These 
devices make great homemade gifts when a pretty fabric is 
used in place of the sock and a mild fragrance is added. 


THINK AND SOLVE (MATHEMATICAL APPLICATION) 


26 


27. 


28. 


29. 


34 


35 


3ó 
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. A walnut stuck to a pin is burned beneath a can contain- 
¡ng 100.0 grams of water at 21°C. After the walnut has 
completely burned, the water “s final temperature ¡s 28°C. 
How much heat energy came from the burning walnut? 


How much heat is required to raise the temperature of 
100,000 grams of iron by 30°C? 


By how much will the temperature of 5.0 grams of liquid 
'water increase upon the addition of 230 joules of heat? 


How much heat is required to raise the temperature of 
1.00 gram of water from —5.00°C to +5.00°C? 


THINK AND COMPARE (ANALYSIS) 


.- Rank the following ín order of decreasing melting point: a 
0.1 M aqueous solution of 


a. sodium bromide, NaBEr. 
b. magnesium chloride, MgC],. 
c. scandium iodide, Sc],. 


.- Rank the following ¡in order of increasing temperature: 
water at the bottom o£ lake Michigan on 


a. February 1, 2011. 
b. June 15, 2011. 
c. October 15, 2011. 
.- Rank the following ín order of driest snow conditions 
during ski season: the top of 
a. Jupiter Peak (10,000 ft, —10°C), Park City, Utah. 
b. Lincoln Peak (4000 ft, —8°C), Mad River Valley, 
'Vermont. 
c.  Winterpreen Peak (2000 ft, —5°C), Wintergreen, Virginia. 


30. 


E)Llộ 


32. 


35. 


37. 


38. 


“XÑ 


How much heat is required to raise the temperature of 
1.00 gram of water from absolute zero, —273°C, to 100°C? 


How much energy is required to transform 1.00 gram of 
water from 100°C liquid to 100°C water vapor? 


Why does transforming water from 100°C liquid to 100°C 
gas require much more energy than is needed to raise the 
temperature of the same amount of water from absolute 
zero all the way to 100°C liquid? 


To increase the temperature of 575 grams of ocean water 
by 5.0°C requires 2674 J. Use this information to calculate 
Ocean water“s specific heat. 


Rank the following in order of increasing boiling point: 
water boiling at 

a. Death Valley, California (elevation -282 ft). 

b. Winfield, Kansas (elevation 1129 ft). 

c. Tampa Bay, Florida (elevation 2 ft). 

Rank the following in order of increasing amount of 
energy required to heat 

a. a 5-g block of iron by 10°C. 

b. a 10-g block of ice by 55C. 

c. a 1-g sample of liquid water by 2°C. 

Rank in order of increasing amount of energy required to 
change 1 g of water from 

a. solid to liquid. 

b. liquid to gas. 

c. solid to gas. 
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THINK AND EXPLAIN (SYNTHESIS) 


1 Water Molecules Form an Open Crystalline Structure 
in lce 


40. 


41. 
42. 


43. 


'Why is it important to protect water pipes so that they 
don't freeze? 


'What happens to a soda can left in the freezer? Why? 


How does the combined volume of the billions and 

billions of hexagonal open spaces in the crystals in a 
piece of ice compare with the portion of the ice that 

floats above the water line? 


T you have How Atoms Bond, review FEigure 22. What do 


ice and diamond have in common? How are they differ- 
ent? 


2 Freezing and Melting Go On at the Same Time 


A4. 


45. 
4ó. 


47. 


48. 


49. 


50. 


Si 


lce floats in room-temperature water, but does it float in 
boiling water? Why or why not? 


How is it that pure water at 4”C is not purely liquid? 


What happens to the freezing point of a solution of 
salt in water as the solution becomes more concentrated 
with salt? 


'Which should have a lower freezing point: a 1 M solution 
of sodium chỉloride, NaC], or a 1 M solution of calcium 
chloride, CaC]1,? Why? 


Which should have a lower freezing point: a 1 M solution 
of sodium chloride, NaC], or a 1 M solution of sucrose, 
C;;H;;O¡¡? Why? 

lce cubes are not usually perfectly clear. Instead, they 
contain clouds, which form as air comes out of solution, 
forming tiny opaque bubbles. Why are ice cubes typi- 
cally cloudy in the center but not around the edges? 


Suppose liquid water instead of mercury is used in a 
thermometer. If the temperature is initially 4°C and then 
changes, why cant the thermometer indicate whether the 
temperature is rising or falling? 


Tf cooling occurred at the bottom of a pond instead of 
at the surface, would a lake freeze from the bottom up? 
Explain. 


3 Liquid Water“s Behavior Results from the Stickiness 
of Its Molecules 


G2 


SÉÌ, 


Capillary action causes water to climb up the internal 
walls of narrow glass tubes. Why does the water not 
climb as high when the glass tube is wider—even in the 
absence of gravity? 


Mercury forms a convex meniscus with glass rather than 
the concave meniscus shown in Figure 18. What does this 
tell you about the cohesive forces between mercury atoms 
versus the adhesive forces between mercury atoms and 
glass? Which forces are stronger? Do you suppose the sur- 
face tension of mercury is stronger or weaker than that of 
water? 


54. 


S5: 


Só. 


4 


Convex meniscus Concave meniscus 


Would you expect the surface tension o£ water to increase 
or decrease with temperature? Defend your answer. 


Dip a paper clip into water and then slowly pull it 
upward to the point where it is nearly free from the 
surface. You Tl find that for a short distance, the water 1s 
brought up with the metal. Are these adhesive or cohesive 
forces at work? 


A thin film of fresh water can be made to stretch across 

a small wire loop with a điameter of about 1 centimeter. 
At larger diameters, however, the film collapses into a 
water drop. lf waters surface tension were greater, might 
greater điameters of a thin film be achieved? 


Water Molecules Move Freely between the Liquid 
and Gaseous Phases 


57. Why do bubbles in boiling water get larger as they rise to 


58. 


ó0. 


ó1. 


62. 


5 


the surface? 


Where is the boiling point of water the greatest: at the bot- 
tom oÝ a pot of water or just below the surface of the pot 
of water? Why? 


- Why does wetting a cloth in a bucket of cold water and 
then wrapping the wet cloth around a bottle produce a 
cooler bottle than placing the bottle directly in the bucket 
of cold water? 


A lid on a cooking pot filled with water shortens both the 
time it takes the water to come to a boil and the time the 
food takes to cook in the boiling water. Explain what is 
goïng on in each case. 


Because boiling is a cooling process, would it be a good 
idea to cool your hot, sticky hands by dipping them into 
boiling water? 

What would happen to the oceans if the atmosphere sud- 
denly disappeared? 


lt Takes a Lot of Energy to Change the Temperature 
of Liquid Water 


63. Describe the motion of two magnetic marbles as they roll 


ó4. 
65. 


6ó. 


closer to each other and then come into contact. What 
happens to two water molecules after they come together 
to form a hydrogen bond—do they vibrate more rapidly 
or less rapidly? 

Why does liquid water have such a high specific heat? 
Which has a higher specific heat: fresh water or 

Ocean water? 

Bermuda is close to North Carolina, but unlike North 
Carolina, it has a tropical climate year-round. Why? 
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67. lí the winds at the latitude of San Francisco and Water Phase Diagram 
'Washington, D.C., were from the east rather than from the 
west, why might San Erancisco be able to grow cherry trees 
and Washington, D.C., would be able to grow palm trees? 


liquid 


ó8. You can bring water in a paper cup to a boïl by placing it 
over a hot flame. Why doesn/t the paper cup burn? 


6 A Phase Change Requires the lnput or Output 
of Energy 


Pressure (atm) 


69. Maple syrup is made by concentrating the sap of the 
sugar maple tree. Why does it take so much energy to 
make maple syrup? 


0 100 


Temperature (°C) 
70. Why in cold winters does a large tub of liquid water 


placed in a farmer“s canning cellar help prevent canned 71. At which point is water boiling? 

food from freezing? 72. At which point does water exist in all three phases? 
The following điagram describes the phase of water 73. What happens to the melting temperature of water as 
relative to temperature and pressure. Use this điapram for pressure is increased? What happens to water“s boiling 
questions 71-74. temperature as pressure is increased? 


74. Is it possible for ice to transform to water vapor without 
ever becoming liquid? 


THINK AND DISCUSS (EVALUATION) 


75. Explain why for about 50 meters beneath the floating 77. The ice cap over the Arctic Ocean ørows to about 
Arctic ice cap the ocean water is relatively fresh. 15 million cubic kilometers (km) each winter. The ice cap 
7ó. About 250 meters beneath the surface of the Arctic Ocean, over the subcontinent of Greenland, also in the northern 


hemisphere, has a volume of about 3 million km3. Which 
would be more devastating: the melting of the Arctic ice 
cap or the melting of the Greenland ice cap? Discuss why. 


the water is warm enough to melt the Arctic polar ice cap. 
Deep ocean currents bring this warm water from the adja- 
cent Atlantic Ocean. Why doesnít this deep warm water 
in the Arctic Ocean float to the surface to melt the ice cap? 
'What would be some of the negative consequences ïf the 
Arctic ice cap completely melted? What positive conse- 
quences might there be? 


FKEE/ZAUIIWNESS ASS5UOFCMAINCE IES5I (\KAI) 


]ƒƑ uơu haue a qood handle on thús chapter, then you should be able to b. Macrocrystals instead of nanocrystals are formed 
score at least 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at during the freezing of ocean water. 
t0ui0.ConceptualChermistr.com. ]ƒ you score less tham 7, you nieed 


: c. The presence of a solute disrupts the rate of ice nano- 
to sHudu ƒurther beƒf0Te 1n00ing 0H. 


crystal formation. 


Choose the BEST answer to the following. d. As the water cools, it becomes đenser and then sinks. 
The pressure from the weight of the ocean exerted on 


0/22/44... the ice below the surface of the water causes it to be 


a. blade wax. denser. 
b. liquid water. 4. Which graph most appropriately shows the density of 
C. ice. water plotted against temperature? 
d. a thin layer of air. ị 
e@| Ì @| 
2. As an ice cube floating in a glass of water melts, water level II EII 
in the glass & ÔN 
a. rises to the point where the ice floats above the water. 0 Ẳ 0 ì 
b. does not change. Temperature (°C) Temperature (°C) 
(a) (b) 
€. gets ÏOWer. 
d. rises because of air captured within the ice cube. > : BÍ 
3. Unlike fresh water, ocean water contracts as it is cooled all the b Ị b Ị 
way down to ifs freezing point, which is about —18°C. Why? Ị Ị 
a. As the water cools, the salt Ions in the ocean water Sàn : DIN: 
emperature (°C) 'Temperature (°C) 
pull the molecules closer together. (©) (d) 
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5. A glass can be filled above its brim with water without any 
spilling over the edge due to 


a. 
b. 
Gỗ 


d. 


cohesive forces within water. 
adhesive forces within water. 
cohesive forces and gravity. 


adhesive forces and gravity. 


ó. What ¡is the predominant gas found within a bubble of 
boiling water? 
a. Air 


b 


. Chlorine 


c. Water vapor 


d 


. Hydrogen 


7. Water coming out of volcanic sea vents at the bottom of the 
Ocean can reach temperatures in excess of 300°C. without 
boiling because 


a. 


b. 


d. 


the heat is imnmediately transferred to the surround- 
¡ng very cold water. 

the heat is imnmediately transferred to the surround- 
ing volcanic rock. 


. the water and water vapor reach equilibrium under 


the extreme pressure of the ocean. 


of the extreme pressure exerted by the miles of 
Ocean water. 


8. The specifc heat of your automobile's radiator fluid 
should be as 


a 


b 


. high as possible to better distribute engine heat. 


. low as possible so that it requires more energy to boil. 


c. high as possible to better absorb engine heat. 


d. low as possible so that the fluid does not turn 
ViSCOUS. 


9. To impart a hickory flavor to a roasted turkey, a cook places 
a pot of water containing hickory chips in an oven with 
the turkey. The turkey takes longer than expected to cook 
because 


a. much of the oven heat is consumed in changing the 
phase of the water. 


b. the turkey is being steamed instead of baked. 


c. to get a hickory flavor, you need to roast the turkey at 
a low temperature. 


d. the hickory chips do not conduct heat very well. 


10. Describe how a boiling liquid can be used to cool some- 
thíng (i.e., a refrigerator). 


a. A low-boiling liquid absorbs heat energy, dropping 
the temperature. 


b. Heat is used to convert vapor into a liquid, which is 
cooler than a gas. 


c. As a liquid condenses, heat energy is required and 
the temperature drops. 


d. Heat energy is only used with solids such as ice. 


e. None of the above. 


ANSWERS TO CALCULATION CORNER(HOW HEAT CHANGES TEMPERATURE) 


1ˆ 


The temperature change is final temperature minus 
initial tenperature: 50.0°C—25.0°C = +30.0°C. 
Multiply this positive temperature change by the 
water“s specific heat and mass: 


heat = (km K= )taoeo ø)(+30.0°C) 
= 12,552,000 J 


This large number helps to explain how an electric 
water heater consumes about 25 percent of all 
household electricity. With the proper number of 


significant figures, this answer should be expressed as 
10,000,000 joules. 

2. The temperature change ¡is —30.0°C—(10.0°C) = 
—20.0°C. Multiply this negative temperature change 
by the ices specific heat and mass: 


| 


heat (sm } )t00øC2n0e) 


g°C 
= -402J 


The next time you re near a refrigerator /freezer, place 
your hand near the back; you 1l feel the heat that has 
been extracted from the food inside. 
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Contextual Ch©eIniStTV 


A SPOTLIGHT 


Making Paper 


o material has been more vital 
N: the development of mod- 

ern civilization than paper. 
With paper, and the subsequent 
invention of the printing press, knowl- 
edge became accessible to a broad 
range of people. Technological, politi- 
cal, and social revolutions followed, 
and from these movements arose our 
complex modern societies. 

Paper is reported to have been 
made in China as early as 100 A.D., 
when cellulose fibers from mulberry 
bark were pounded into thin sheets. 
Finer paper was eventually produced 
by lifting a silk screen up through a 
suspension of cellulose fibers in water 
so that entangled fibers collected on 
the screen. After drying, the fibers 
remained intertwined, forming a 
sheet of paper, as shown in Figure 1. 

Only handmade single sheets of 
paper were fabricatedl until, in 1798, a 
machine that could make continuous 
rolls of paper was invented in France. 
This machine consisted of a conveyor 
belt submerged at one end in a vat of 
suspended  cellulose fibers. The con- 
veyor belt was a screen so that water 
would drain from ¡it as fibers were 
pulled out of the suspension. The 
entangled fibers were then squeezed 
through a series of rollers to create 
a long, continuous sheet of paper. 
Modern papermaking machines work 
using the same principle. 


^ Figure † 
Take a close look at paper and you will see 


that it is made of numerous tiny cellulose 
fibers. 
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^ Figure 2 
About 14 million tons of paper are producedl 
in the United States each year. 


Paper was originally made from 
fibrous plant materials, such as bark, 
shrubs, and various grasses. Wood 
was not used because its fibers 
are embedded in a highly adhesive 
material called lignin that does not 
dissolve in water. ln 1867, research- 
ers in the United States discovered 
that wood fibers could be ¡solated 
by soaking wood chips in sulfu- 
rous acid, which dissolves the lignin. 
The ability to make paper from 
wood was a great boon to entre- 
preneurs in North America because 
of that continent's once vast supply 
of trees. At about the same time, 
additives, such as alum, were added 
to strengthen paper and to help ¡t 
absorb ink. Today, about 75 percent 
of the paper made in the United 
States comes from wood  pulp, with 
the remainder coming from recycled 
wastepaper. 

Paper made with alum or similar 
additives tends to turn yellow and 
brittle within a matter of decades, 
as shown in Figure 3. This is because 
of the acidic nature of these addi- 
tives, which catalyze the decom- 
positon of the cellulose fibers. 
Noncorrosive alkaline alternatives 
were developed in the 1950s. Paper 
made with alkaline binders are des- 
ignated archival, which means they 
last a minimum of 300 years. Paper 
companies were prompted to make 
the switch to acid-free paper in the 
late 1980s when the cost of wood 


JIE MOIL)ERN SOCIELY 


pulp skyrocketed. Paper made with 
acidic alum binders must be at least 
90 percent fiber in order to maintain 
strength, whereas paper made with 
alkaline binders maintains strength 
with as little as 75 percent fiber. Less 
fiber translates to greater profits. 

A secondary benefit of alkaline 
binders is that in a nonacidic environ- 
ment, cheap and abundant calcium 
carbonate can be used as a whitener 
in place of relatively expensive tita- 
nium dioxide. Acid-fee paper has 
the added advantage that peroxide 
bleaches can be used on ¡t instead 
of chlorine, which was widely used 
to bleach paper until it was discov- 
ered that bleaching paper with chÌo- 
rine produces toxic chemicals called 
dioxins. Furthermore, consumers 
have come to recognize the value of 
archival-quality paper and are now 
demanding ïts production. 

We use trees to meet our paper 
needs because they have been abun- 
dant. They are also renewable—for 


^ Figure 3 

By 1984, the Library of Congress 
estimated that about 25 percent, or 

3 million volumes, of its collection had 
become too brittle for circulation. 


every tree cut down, a new one can 
be planted. However, growing and 
harvesting trees has some significant 
drawbacks. Timber takes decades to 
mature. This time frame ¡is not fast 
enouoh to keepb up with our increas- 
¡ng demand. As a consequence, the 
amount of forested land is dwindling. 
Also, replanting timber does not re- 
create a forest. Timber ¡s typically 
replanted as a monoculture suited 
primarily for industrial needs. A true 
forest is a more evolved system of 
many species that thrive in one anoth- 
erS Dresence. 

There are a number of possible 
alternatives to trees for the mass 
production of paper, including switch 
grass, kenaf, and industrial hemp; the 
last of these is shown being harvested 
in Figure 4. Each of these plants 
produces more than three times as 
much fiber per acre than trees do. 
They are also fast-growing plants. 
Whereas ¡ít takes 20 years before 
trees can be harvested, these plants, 
when grown ¡in favorable climates, 
can be harvested three times in a 
single year. Also, the lignin content 
of these types of plants is quite low, 
which means their cellulose fibers are 
relatively easy to separate. lÍ paper 
mills switched from wood to one of 
these alternatives, they could avoid 
the use of countless gallons of sulfu- 
rous acid, which is not only hazardous 
to the environment but also largely 
responsible for the stink associated 
with paper production. 


^ Figure 4 
Industrial hemp being harvested for its 
fiber-rich content. 
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Today, we use an enormous 
amount of paper—about 70 mil- 
lion tons a year in the United States 
alone. On average, thats about 
230 kilograms, or six full-sized trees, 
for each U.S. citizen. The good news 
is that our recycling efforts have 
improved markedly over the past sev- 
eral decades. In 199ó, we recycled 
about 40 percent of paper waste. 
Today, we recycle just over ó0 percent 
of paper waste. This is good, because 
recycling paper does more than just 
save trees. A lot of energy is required 
to make paper from a tree. Less than 
half as much energy is needed to pro- 
cess old paper into new. 


CONCEPTCHECK 


Was paper made before the 
mid-1800s acid-free? 


CHECK YOUR ANSWER Yes, 
because acidic alum binders were 
not used in papermaking until the 
mid-1800s. Interestingly, books 
from the early 1800s can be found 
in pristine condition. 


Think and Discuss 


1. According to researchers at 
the Laboratory for Sustainable 
Technology, Australia, pulbp made 
from agricultural wastes, such 
as straw, could meet the global 
demand for paper five times 
over. Today, however, less than 
10 percent of the world's paper 
is made from agricultural wastes, 
which are ¡instead burned or 
plowed into the soil. Why do you 
suppose pulb from agricultural 
wastes is not commonly usedl to 
make paper? 


2. Many people thought that much 
less paper would be used after 


the invention of the personal 
computer. Paper use, however, 
remained strong, because, as it 
turned out, people like to print 
from their computers. Now we 
have the advent of e-readers. 
What impact, if any, might these 
devices have on the amount of 
paper we use? 


._ Aoricultural wastes such as straw 


and fast-growing crops such as 
switchgrass can be used for the 
making of paper. These materi- 
als, however, can also be used 
to create cellulosic ethanol, also 
known as grassoline, which ¡is a 
liquid fuel. At current estimates, 
the United States could produce 
enough grassoline to replace 
about half its current annual 
consumption of gasoline. Will a 
move toward grassoline encour- 
age or discourage the use of 
material such as straw for the 
making of paper? 


.. The pulp from sawdust dust does 


not make good paper. Can you 
figure out why? (Hint: look at 
Figure 1). 


Industrial hemp ¡s the original 
strain of the marijuana plant that 
has been cultivated for millennia 
for its fiber content, especially 
for the production of rope and 
canvas. Industrial hempb contains 
negligible quantities of the psy- 
choactive drug THC. lf planted 
side by side with marijuana, ¡it 
would pollinate the marijuana, 
thereby depleting the marijua- 
na*s psychotropic  properties. 
Growing ¡industrial _hemp 
without a permit from the Drug 
Enforcement Administration 
(DEA), however, ¡is a federal 
crime with a maximum penalty 
of life in prison. For what reasons 
do you suppose the DEA refuses 
to grant these permits? 
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Solutions to Odd-Numbered Chapter Questions 


1. Ice ¡s less dense than water because water expands as it freeZes. 
Each water molecule in the solid phase occupies more space than it 
does in the liquid phase. 


3. As preat pressure is applied, the open pockets in the crystalline 
structure of ice may collapse, which results in the ice melting. This 
Occurs primarily where the pressure is being applied, such as at the 
bottom of a heavy glacier. 


5. When the temperature of 0°C liquid water ¡is increased sliphtly, 
it undergoes a net contraction. Water at 4°C is more dense (less 
volume = more contracted) than it is at 0°C. 


7. Cohesive forces result from the molecular attractions within 
a material; adhesive forces result from the molecular attractions 
Occurring between two different materials. 


9. Water will rise hipher in a narrow tube because there is more 
surface area of contact between the water and the wall of the tube 
relative to the weight of the water contained within the tube. 


11. Condensation counteracts evaporation on a hot and humid 
day. The vapor in the air from the humidity condenses on your 
skin to make you feel uncomfortably warm. 


13. Water can boil at temperatures less than 100°C at higher 
altitudes, where the atmospheric pressure is less. 


15. A substance that heats up quickly will have a low specific heat. 
17. Hydrogen bonds 


19. The temperature of melting ice does not rise as it is heated 
because the energy being supplied by the added heat is working to 
break the hydrogen bonds. 


21. Ittakes much more energy to boil water than to melt it because 
in a sample of steam, the molecules are relatively free of one 
another and are not bound together as they are in the liquid phase. 


23. As a variation, you can begin your “magic show“ having the 
water in the regular bottle when you demonstrate how atmospheric 
pressure pushes the card upward so that the water doesnt fall. Ask 
your friends what will happen when you turn the bottle sideways. 
(Atmospheric pressure works sideways too.) Then ask them what 
will happen when you flick of the card. Of course, the water 
comes rushing out. This builds up an expectation. Ask them if you 
can repeat the experiment. Pour water back and forth between the 
two bottles, but this time use the bottle with the mesh screen. 


25. A must for every household. Good chemistry to youl 


27. Table 1 shows that the specific heat of iron is 0.451 J/g°C. So 
the total amount of heat required is 
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heat = 100,000 g x 0.451 J/g°C x 30°C = +1,343,000 joules, 
'which is about 10 million joules less than that required for water. 


29. This is a three-part calculation. Eirst, you need to calculate 
the amount of heat required to raise the temperature of the 
water from —5.00° to 0.00°C. Then you need to calculate the 
amount of heat required to transform the 1.00 gram of ice 
into liquid water. Third, you need to calculate the amount 
of heat required to raise the temperature of the water from 
0.00°C to +5.00°C. Table 1 shows that the specific heat of ice is 
2.01 J/g°C. Note that this calculation provides three significant 
figures . 


1) heat = (2.01 J/g°CX1.0 g)(+5.00°C) 
= 10.1] 

2) heat = (1.00 g)(+335 J/g) 
= +335 J 

3) heat = (4.18 J/g°C)(1.00 g)(+5.00°C) 
= +20.9] 

total heat = 10.1 J+335 J + 20.9] 

= 366 J 


31. Calculate this answer using water“s heat of vaporization, 
which is +2259 ]/g. 


heat = (1.00 g)(+2259 ]/g) 
= 2260] (to three significant figures) 


33. heat —= (specific heat)(mass)(temperature change) 
With a little algebra, this transforms into 
specific heat = heat/(mass)(temperature change) 
specific heat = (2674 ])/(575 g)(5.0°C) 

= 0.93]/g°C (to two significant figures) 
35.a=b=c 
37.b<c<a 
39.a<b<c 


41. The soda can puffs out, and sometimes the lid pops open. This 
Occurs because the water content of the soda freezes and expands. 


43. Ice and diamond are both transparent solids having the same 
six-sided open-pocket crystalline structure. For ice, this crystalline 
structure is made of water molecules held together by hydrogen 
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bonds. For diamond, this crystalline structure is made of carbon 
atoms held together by covalent bonds. The covalent bonds of 
điamond are much stronger than the hydrogen bonds of ice, which 
1s why, compared to ice, diamond is many times harder. 


45. Water at 4°C still contains nanoscopic ice crystals. On a 
macroscopic scale, it behaves as a liquid, but water at 4°C can 
also be considered a heterogeneous mixture of water and small 
amounts Of ice crystals. 


47. Calcium chloride dissolves in water to produce three ions, 
but sodium chloride dissolves to produce only two. The greater 
number of ions within a 1 M solution of calcium chloride is more 
effective at decreasing the number of water molecules entering the 
solid phase. 


49. The water in the ice tray tends to freeze starting at the top 
followed by the sides, which are directly exposed to the cold of the 
freezer. As the water freezes into crystalline ice, air molecules are 
excluded and pushed to the center of the ice cube, where the water 
is liquid the longest. Eventually, as this central water freezes, the 
air comes out of solution, forming the opaque bubbles. To make 
cloudless ice cubes, remove the air from the water by boiling it. 


51. If cooling occurred at the bottom of a pond instead of at the 
surface, ice would still form at the surface, but it would take longer 
for the pond to freeze. This is because all the water in the pond 
would have to be reduced to a temperature of 0°C rather than 4°C 
before the first ice would form. Consider the state where the entire 
pond is 4°C, as discussed ¡in the chapter. Where cooling occurred 
at the bottom, the 4”C water at the bottom of the pond would be 
cooled to 3°C and thus float upward to be replaced by more 4°C 
water at the bottom. This will keep happening until the whole 
pond ¡s 3°C. Then the 3°C water at the bottom would be cooled 
to 2°C, which would also float upward, and so on. Eventually, the 
entire pond would be cooled to 0°C. Einally, ice that formed at the 
bottom, where the cooling process was occurring, would be less 
dense and would float to the surface (except for ice that may form 
about material anchored to the bottom of the pond). Of course, this 
is not how it happens in nature, where cooling typically occurs 
from the cold air above the water. 


53. Mercury sticks to itself (cohesive forces) better than it sticks to 
the glass (adhesive forces). The cohesive forces are stronger than 
the adhesive forces. The surface tension of mercury is about eight 
times that of water. 


55. These are the ađÏies7ue forces between the water and the metal 
(two different materials). The type of molecular interactions going 
on is dipole-induced dipole. 


57. There are at least two reasons the bubbles get larger as they rise. 
First, water vapor continues to evaporate into the bubble. Second, as 
the bubble rises, the external water pressure on the bubble decreases 
with decreasing depth, which allows the bubble to expand. 


59. A bottle wrapped in wet cloth will cool by the evaporation 
of liquid from the cloth. As evaporation progresses, the average 
temperature of the liquid left behind in the cloth can easily drop 
below the temperature of the cool water that wet the cloth in the 
first place. So to cool a bottle of beer, soda, or some other beverage 
at a picnic, wet a piece of cloth in a bucket of cool water. Wrap the 
wet cloth around the bottle to be cooled. As evaporation progresses, 
the temperature of the water in the cloth drops and cools the bottle 
to a temperature below that of the bucket of water. 


61. No, no, no! When we say boiling is a cooling process, we 
mean the water left in the pot (and not on your hands) is being 


cooled relative to the higher temperature it would attain otherwise. 
Because of the cooling effect of the boiling, the water remains at 
100°C instead of getting hotter. 


63. A force of attraction between the two marbles causes them 
to accelerate toward each other just before they collide. Through 
this acceleration, there is an increase in the kinetic energy of the 
marbles. Similarly, when two water molecules come together, 
they accelerate toward each other, which increases their kinetic 
energy. The water molecules have more kinetic energy after they 
have come together, and this kinetic energy can be witnessed as an 
increase in their rates of vibration. 


65. The solutes dissolved in the ocean water would lower the 
Oceans specific heat, which is a measure of how much heat a given 
mass is able to absorb. Consider a kilogram of fresh water and a 
kilogram of ocean water. Do you understand how the kilogram of 
ocean water has less water in it? Because it has less water, it is able 
to absorb less heat. (As you likely discovered in Think and Do #24, 
the salt solute of ocean water has a rather low specific heat.) 


67. As the ocean off the coast of San Francisco cools in the winter, 
the heat it loses warms the atmosphere with which it comes in 
contact. This warmed air blows over the California coastline to 
produce a relatively warm climate. lí the winds were easterly 
instead of westerly, the climate of San Francisco would be chilled 
by winter winds from dry and cold Nevada. The climate would be 
reversed in Washington, D.C., because air warmed by the cooling 
of the Atlantic Ocean would blow over Washington, D.C., and 
produce a warmer winter climate there. 


69. To produce maple syrup requires boiling away most of the 
water from the sap. The resulting concentrated solution is maple 
syrup. A lot of energy is required to boil away the water because of 
water“s hich heat of vaporization. Interestingly, it takes 40 gallons 
of sap to produce just 1 gallon of maple syrup. That's a lot of water 
that needs to be evaporated. Many maple syrup producers get 
a head start by first removing much of the water using reverse 
OsmOSis. 


71. Water is boiling at point A. 


73. As pressure increases, the melting temperature of water 
đecreases and the boiling temperature of water increases. 


75. When ocean water freezes, forming ice, it excludes salt ions, 
which remain behind ïn the aqueous phase. Äs more ice forms, the 
concentration of the ions increases. This makes the ocean water 
saltier as well as denser. Because of its greater density, this saltier 
water sinks. This process occurs primarily along the perimeter 
of the ice cap, where the aqueous ocean exposed to frigid Arctic 
air meets solid sea ice, which, by the way, is primarily fresh. Any 
water that makes it to a location beneath the center of the ice cap 
has been stripped of many of its lons after having passed through 
the perimeter. Oceanographers call this process Ùr7ne relense Or 
saltine ouf. Any melt from the underside of the ice cap also helps to 
contribute to the relative freshness of this water. 


77. The ice above the Arctic Ocean is already floating. lf it were 
to melt, there would be no rise in the global sea level. The ice over 
the Greenland subcontinent, however, rests on the land. lí it were 
to melt, this volume of water would run into the oceans, both 
as liquid fresh water and as new icebergs. Current estimaftes are 
that the complete melting of the Greenland ice cap would raise 
the global sea level by around Z meters. Will it melt? lf so, how 
soon? Those questions are currently the subject of much scientific 
research and political debate. 
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From Chapter 9 of Concepiual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^- The atmosphere is awash with chemicals such as 
water, nitrogen, and oxygen, that are forced to undergo 
chemical changes during a high-energy lightning bolt. 
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Chemical Reactions Are 
Represented by Chemical 
Equations 


Counting Atoms and Molecules 
by Mass 


Converting between Grams 
and Moles 


Chemical Reactions Can Be 
Exothermic or Endothermic 


Chemical Reactions Are Driven 
by the Spreading of Energy 


Chemical Reactions Can Be Slow 
or Fast 


Catalysts Speed Úp the 
Destruction of Stratospheric 
Ozone 


HOW Chemnicals 
” HGeaCT 


THE MAIN IDEA 


Atoms change partners during a 
chemical reaction. 


reactions to produce many useful materials— 

nitrogen-based fertilizers from the atmosphere, 
metals from rocks, plastics and pharmaceuticals from 
petroleum. These materials and the thousands of others 
produced by chemical reactions have dramatically 
improved our standard of living, as has the abundant 
energy released when fossil fuels take part in the chemical 
reaction called combustion. What happens in a chemical 
reaction? Why are new materials produced? Why must 
chemical equations always be balanced? If two molecules 
meet, will they always react to form new molecules? 
What is a catalyst, and what role do catalysts play in our 


S cientists have learned how to control chemical 


environment? Why do some chemical reactions, such as the 


burning of wood, produce energy, while other reactions, 
such as those occurring in the cooking of food, require the 
input of energy? What is the ultimate driving force for all 
chemical reactions? The goal of this chapter is to provide 
you with a stronger handle on the basics of chemical 
reactions. 


Warming and Cooling 
Mixtures 


The focus of this chapter is chemi- 
cal changes. For practical reasons, 
however, we begIn with a hands-on 
activity involving physical changes 
that aptly illustrate the role that 
energy B when different 
materials are brought together. 


PROCEDURE 


1. Hold some room-temperature 
water in the cupped palm of 
your hand over a sink. Predlict 
whether this water will become 
cool or warm as a small amount 
of rubbing alcohol is added to it. 
(Warning: rubbing alcohol causes 
severe and painful stomach 
problems if ingested. Never 
ingest rubbing alcohol.) 
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2. Add lukewarm water to two clear 
Bê cups. Transfer the water 
ack and forth to ensure equal 
temperatures. Predict whether 
this water will become cool or 
warm as salt is added to it. 


3. Stir several tablespoons of table 
salt into only one of the cups. 
Compare the temperatures of 
the two cups by holding them 

†o your temperature-sensitive 
cheeks. 


ANALYZE AND CONCLUDE 


1. lf two round magnets were to 
roll toward each other, would 
they accelerate to faster soeeds 
just before they collided? lf two 
attracting molecules were to 
float towardl each other, would 
they accelerate to faster speeds 
just before they collided? What 


happens to the temperature of a 
material when its molecules are 
acceleratedl to faster speeds? 


. Do you get energy from pulling 


two magnets apart from each 
other, or do you lose energy? 

ls energy released or absorbed 
when sodium and  chloride ions 
are pulled away from their crystal- 
line structure? Why do many ath- 
letic “cold packs“ contain salts? 


+ Chemical Reactions Are Represented by Chemical Equations 


EXPLAIN THIS 
How can 50 g of wood burn to produce more than 50 g of products? 


During a chemical reaction, atoms are rearranged to create one or more new 
compounds. This process is neatly summed up in written form as a chemical 
equation. A chemical equation shows the reacting substances, called reactants, 
before an arrow that points to the newly formed substances, called products: 


reactants —> products 


Typically, reactants and products are represented by their elemental or 
chemical formulas. Sometimes molecular models or, simply, names may be used 
instead. Phases are also often shown: (s) for solid, (J) for liquid, and (e) for gas. 
Compounds dissolved in water are designated (ø) for aqueous solution. Finally, 
numbers are placed in front of the reactants or products to show the ratio in 
which they either combine or form. These numbers are called coeficienfs, and they 
represent numbers of individual atoms and molecules. For instance, to represent 
the chemical reaction in which coal burns in the presence of oxygen to form 
gaseous carbon dioxide, we write the chemical equation using coefficients of 1: 


Reactants Products 


LEARNING OBJECTIVE 
Identify whether a chemical 


equation is balanced or not 
balanced. 
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Ơne of the most important principles of chemistry is the law of mass con- 
servation. The law of mass conservation states that matter is neither created 
nor đestroyed during a chemical reaction. The atoms present at the beginning 
Of a reaction are merely rearranged. This means that no atoms are lost or gained 
during any reaction. The chemical equation must therefore be balanced. In a ba]- 
anced equation, each atom must appear on both sides of the arrow the same 
number of times. The equation for the formation of carbon dioxide is balanced 
because each side shows one carbon atom and two oxygen atoms. You can 
count the number of each type of atom in the models to see this for yourself. 

In another chemical reaction, two hydrogen gas molecules, H.„ react with 
one oxygen gas molecule, O›„ to produce two molecules of water, HO, in the 


Øaseous phase: 
4 „ ve 


This equation for the formation of water is also balanced—there are four 
hydrogen and two oxygen atoms before and after the arrow. 

A coefficient in front of a chemical formula tells us the number of times 
that element or compound must be counted. For example, 2 H;O indicates 
two water molecules, which contain a total of four hydrogen atoms and two 
Oxygen atoms. 

By convention, the coefficient 1 is omitted; so the preceding chemical 
equations are typically written 


€ (s) + O; (6) —> CO; (e) (balanced) 
2H;(g) + O;(e)—>2 HO (g@)  (balanced) 


CC N/G EtrUCHELCEKE 


How many oxygen atoms are indicatedl by the following balanced equation? 
3 O;(g) >2 O; (9) 


CHECK YOUR ANSWER There are six oxygen atoms. Before the reaction, these 
Six oxygen atoms are found in three ©„ molecules. After the reaction, these same six 
atoms are found in two O› molecules. 


An unbalanced chemical equation shows the reactants and products 
without the correct coefficients. For example, the equation 


NO (6) —>NO (e) + NO¿;(@)_ (unbalanced) 


is not balanced because there are one nitrogen atom and one oxygen atom 
before the arrow but three nitrogen atoms and three oxygen atoms after 
the arrow. 

You can balance unbalanced equations by adding or changing coefficients 
to produce correct ratios. (Is important not to change subscripts, however, 
because to do so changes the compound“s identity—H;O 1s water, but H;O; is 
hydrogen peroxide.) For example, to balance the preceding equation, place a 3 
before the NO: 


3 NO (g) —>N;O (g) + NO;(g)_ (balanced) 


Now there are three nitrogen atoms and three oxygen atoms on each side 
of the arrow, and the law of mass conservation ¡is not violated. 
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© ổÔNCGETITCHECK 


Write a balanced equation for the reaction showing hydrogen gas, H;, 
and nitrogen gas, N„„ forming ammonia gas, NH:: 


Hạ(g) + N;(g)—>__ NH;(g) 


CHECK YOUR ANSWER Initially, we see two hydrogen atoms before the reac- 
tion arrow and three on the right. This can be remedied by placing a coefficient of 3 
by the hydrogen, H„, and a coefficient of 2 by the ammonia, NHạ. This makes for six 
hydrogen atoms both before and after the reaction arrow. Meanwhile, the coeffi- 
cient of 2 by the ammonia also makes for two nitrogen atoms after the arrow, which 
balances out the two nitrogen atoms appearing before the arrow. The full balanced 
equation, therefore, is 


œ® © 
„  (@Œ @ @&› 


2klạÚ) - Nạ(@) ——>? «8 


Practicing chemists develop a skill for balancing equations. This skill 
involves creative energy and, like other skills, improves with experience. More 
1mportant than being an expert at balancing equations is knowing why they 
need to be balanced. And the reason is the law of mass conservation, which tells 
us that atoms are neither created nor destroyed in a chemical reaction—they are 
simply rearranged. 5o every atom present before the reaction must be present 
after the reaction, even though the groupings of atoms are different. 

Many students enjoy learning how to balance chemical equations. 
Perhaps this is because balancing an equation is akin to solving a crossword 
or Sudoku puzzle. There are many different approaches one can take to 
balancing a chemical equation. There are also some crafty tricks one can 
perform to solve some difficult equations. Your instructor may share with you 
some of his or her favorite approaches and/or tricks to balancing equations. 
To get you started, we offer you the following guidelines, which you can 
follow as you work to balance the chemical equations appearing at the end 
of this chapter. 


A Ouick Guide to Balancing Chemical Equations 


Dnbalanced equations are balanced by changing the coefficients. Subscripts 
should never be changed, because this changes the chemical/s identity—HzO 
1s water, but HO; is hydrogen peroxide. Also, a coefficient is a multiplier for 
all the atoms within a molecule. Writing 2 Fe;O.„ for example, means four Fe 
atoms and six Ô atoms. 


1. Focus on balancing only one element at a time. Start with the leftmost 
element and modify the coefficients so that this element appears on both 
sides of the arrow the same number of times. 

2. Move to the next element and modlify the coefficients so as to balance this 
element. Do not worry if you incidentally unbalance the previous element. 
You will come back to it in subsequent steps. 

3. Continue from left to ripht focusing on only one element at a time. Change 
coefficients as needed for that one element and don“t worry about messing 
up the other elements by doïng so. 

4. Repeat steps 1-3 until all the elements are balanced. 


¬h-.-.-- 


Why must the chemical equation be 
balanced? 
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LEARNING OBJECTIVE 


Correlate the formula mass of a 
substance with the number of 
molecules or atoms that substance 
contains. 


"..---- 


Samples of two different materials have 
the same mass. Do they necessarily 
have the same number of atoms? 
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2 Counting Atoms and Molecules by Mass 


EXPLAIN THIS 


Why does the combination of 4 grams of hydrogen, H„„ with 1é grams of 
oxygen, O›, produce only 18 grams of water, HO? 


In any chemical reaction, a specifc number of reactants react to form a spe- 
cific number of products. For example, when carbon and oxygen combine to 
form carbon dioxide, they always combine in the ratio of one carbon atom 
to one oxygen molecule. A chemist who wants to carry out this reaction in 
the laboratory would be wasting chemicals and money i1f she were to try to 
combine, say, four carbon atoms for every one oxygen molecule. The excess 
carbon atoms would have no oxygen molecules to react with and would 
remain unchanged. 

But how is it possible to measure out a specific number of atoms or 
molecules? Rather than counting these particles individually, chemists can use 
a scale that measures the mass of bulk quantities. Because different atoms and 
molecules have different masses, however, a chemist cant simply measure out 
equal masses of each. Say, for example, he needs the same number of carbon 
atoms as oxygen molecules. Measuring equal masses of the two materials 
would not provide equal numbers. 

Consider this analogy: You know that Ping-Pong balls are much lighter than 
golf balls. So if you were to measure out 1 kilogram of each, you understand 
that you would need many more Ping-Pong balls to create a full kilogram, as 
shown in Figure 1. You understand that the mber of something and the 14ss 
of something are two different things and that they should never be confused 
with each other. 

Because different atoms and molecules have different masses, there are 
different numbers of them in a sample of the same mass. Carbon atoms are less 
massive than oxygen molecules. Thats why there are more carbon atoms in a 
1-pram sample of carbon than there are oxygen molecules in a 1-gram sample 
Of oxygen. So clearly, equal masses of these two substances do not yield equal 
numbers of carbon atoms and oxygen molecules. 


Equal masses 


^ Figure † 

For the same mass, the number of Ping-Pong balls is greater than the 
numbser of golf balls because a single Ping-Pong ball is lighter than a 
single golf ball. 
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The mass of one golf 
ball is 40 grams. 


© 


The mass of one Ping-Pong 
ball is 2 grams. 


A Ping-Pong ball is 2/40, or 1/20, 
as massive as a golf ball. 


Numbser of 


golf balls À 


Number of 
Tổ Ping-Pong balls 


* 


If we know the relafiue 1asses of đifferent materials, we can measure 
equal numbers. Golf balls, for example, are about 20 times more massive 
than Ping-Pong balls are, which is to say the relative mass of Ping-Pong balls 
to golf balls ¡is 20 to 1. Measuring out 20 times as much mass of golf balls 
as of Ping-Pong balls, therefore, gives equal numbers of each, as is shown 
1n Figure 2. 


CONCGEPTCHECK 


A customer wants to buy a 1:1 mixture of blue and red jelly beans. Each 
blue bean is twice as massive as each red bean. lf the clerk measures 
out 5 pounds of red beans, how many pounds of blue beans must she 
measure out? 


CHECK YOUR ANSWER Because each blue jelly bean has twice the mass of 
each red one, the clerk needs to measure out twice as mụch mass of blues in order to 
have the same count, which means 10 pounds of the blues. lf the clerk did not know 
that the blue beans were twice as massive as the red ones, she would not know what 
mass of blues was needed for the 1:1 ratio. 


So where do we turn to find the relative masses of atoms and molecules? 
You guessed it! The masses of elements shown ¡in the periodic table are 
relative masses. Using these masses, we can measure out equal numbers of 
atoms or molecules. 

For example, as illustrated in Figure 3, the mass of carbon is 12.011 amu. 
(One afơmic 1nass unit (amu) equals 1.661 < 107?! pram.) The formula mass of a 
substance is the sum of the atomic masses of the elements in its chemical formula. 
So the formula mass of an oxygen molecule, ©.„ is about 32 amu (15.999 amu + 
15.999 amu). A carbon atom, therefore, is about 12/32 as massive as an oxygen 
molecule. To measure out equal numbers of carbon atoms and oxygen molecules, 
we could measure out 12 grams of carbon and 32 grams of molecular oxygen. Any 
proportion equal to 12/32, such as 6/16 or 3/8, would do. For example, 3 grams Of 
carbon would have the same number of particles as 8 grams of molecular oxygen. 


4 Figure 2 

The number of golf balls in 200 grams of 
golf balls equals the number of Ping-Pong 
balls in 10 grams of Ping-Pong balls. 


FORYOUR 


3 INFORMATION 


The number of atoms in your breath 
is about 100 times the number of 
breaths in the atmosphere. 


CHEMICAL 
CONNECTIONS 
How are the atoms in your 
lungs connected to the atoms 
that were once in the lungs of 
Leonardo da Vinci? 


295 


How Chemicals React 


} Figure 3 LL 
Measuring carbon, C, and oxygen, O,, 

in a 12:32 ratio, which ¡is the same as a 

3:8 ratio, provides the same number of 
particles. (Note: the volumes shown are 
exaggerated. Three grams of solid carbon 
would occupy only about 4 mL, while eight 
grams of gaseous oxygen would occupy 


more than ó L.) @ si =8.) 
12.011 


The mass of one The mass of one 
carbon atom is oxygen molecule is 
approximately approximately 32 amu. 
12 amu. 


A carbon atom is 12/32, or 3/8, as 
massive as an oxygen molecule. 


Number of = Number of 
carbon atoms oxygen molecules Pì 


CN G E6 D6 HECK 


1. Reacting 3 grams of carbon, C, with 8 grams of molecular oxygen, O›„ results in 
11 grams of carbon dioxide, COz. Does it follow that 1.5 grams of carbon will react 
with 4 grams of oxygen to form 5.5 grams of carbon dioxide? 


2. Would reacting 5 grams of carbon with 8 grams of oxygen also result in 11 grams 
of carbon dioxide? 


CHECK YOUR ANSWERS 


1. Yes, it does. The quantities are only half as much, but their ratio ¡s the same as 
when 11 grams of carbon dioxide is formed: 1.5/4/5.5 = 3/8/11. 


2. A common error of many students is to think that no reaction will occur ¡f the 
proper ratios of reactants are not provided. You should realize, however, that in 
this reaction, only 3 of the 5 grams of carbon can react with 8 grams of oxygen to 
form 11 grams of carbon dioxide. Two grams of carbon will be unreacted  after the 
reaction. Reacting this remaining 2 grams of carbon would require more oxygen. 


3 _Converting between Grams and Moles 


LEARNING OBJECTIVE EXPLAIN THIS 


¬ : Đó 5Ó la 
Use the concept of moles to How many molecules of carbon dioxide are in 44 g of carbon dioxide? 


calculate the mass of reactants 
needed to produce a given mass 


Atoms and molecules react in specific ratios by number. In the laboratory, how- 
of products. 


ever, chemists work with bulk quantities of materials, which are measured by 
mass. Chemists therefore need to know the relationship between the mass of 
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a given sample and the number of atoms or molecules contained in that mass. 
The key to this relationship is the ?zole. We use the word ?zole to indicate a 
numbser, much as we use the word đozen to indicate a number. While a dozen 
is equal to 12, a mole is equal to a number that is incredibly large: 6.02 x 10. 
This number is known as Avogadro”s number, in honor of the 18th-century sci- 
entist Amedeo Avogadro. Again, for emphasis, one mole is equal to 6.02 < 10. 

As Figure 4 ¡llustrates, if you express the numeric value of the atomic mass 
of any element in er4s, the number of atoms in a sample of the element having 
this mass is always 6.02 x 10, which is 1 mole. For example, a 22.990-gram 
sample of sodium metal, Na (atomic mass = 22.990 amu), contains 6.02 x 10 
sodium atoms, and a 207.2-pram sample of lead, Pb (atomic mass = 207.2 amu), 
contains 6.02 x 10 lead atoms. 

The same concept holds for molecules (or any compound). Express the 
numeric value of the formula mass in @r4s and a sample having that mass 
contains 6.02 < 10? molecules. For example, there are 6.02 < 10? O; molecules 
in 31.998 grams of molecular oxygen, O, (formula mass = 31.998 amu), 
and 6.02 x 102CO; molecules in 44.009 grams of carbon dioxide, CO; 
(formula mass = 44.009 amu). 


CO NMNCEIPTCHECK 


1. How many atoms are in a ó.941-gram sample of lithium, Li (atomic mass = 
ó.941 amu)? 


2. How many molecules are in an 18.015-gram sample of water, HạO (formula mass = 
18.015 amu)}? 
CHECK YOUR ANSWERS 


1. Because this number of grams of lithium is numerically equal to the atomic mass, 
there are ó.02 x 102 atoms in the sample, which is 1 mole of lithium atoms. 


2. Because this number of grams of water is numerically equal to the formula mass, there 
are ó.02 x 10? water molecules in the sample, which is 1 mole of water molecules. 


22.990 g 
6.02 x 10? atoms, 
which is 1 mole 


207.2g 
6.02 x 10? atoms, 
which is 1 mole 


4.003 g 
6.02 x 1023 atoms, 
which is 1 mole 


FORYOUR 


3 INFORMATICON 


An Avogadro's number of grains of 
sand would cover the United States 

to a depth of about 2 meters. A stack 
of an Avogadro's number of pennies 
would be about 800,000 trillion 
kilometers tall, which is about the 
diameter of our galaxy. Placed side by 
side, these pennies would reach to the 
Andromeda galaxy, which is about 

2.5 million light-years away. Avogadro”s 
number is beyond huge, yet that's 

the number of water molecules found 
in a mere 18 grams of water. Water 
molecules are that smalll 


4 Figure 4 

Express the numeric value of the atomic 
mass of any element in grams, and that 

many grams contains 6.02 x 1023 atoms. 
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CALCULATION CORNER MASSES OF REACTANTS AND PRODUCTS 
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The coefficients of a chemical equation tell us the ratio by 
which reactants react and products form. The following 
equation, for example, tells us that every 1 mole of methane, 
CHỊ, reacts to produce 2 moles of water, HO. 

(G0012) 1S.GG) 082120) 
So if you were given 16 g of methane, CH¿, how many 
grams of water, HạO, would form? You may know that 1ó g 
of methane, CH¡, is 1 mole (formula mass 16 amu). So 16 g of 
methane would yield 2 moles of water. But how many grams 
are 2 moles of water? Well, if 1 mole of water, H;O, equals 18 
ø (ormula mass 18 amu), then 2 moles equals 36 ø. Thus, 1ó g 
of methane, CH¿, would yield 36 g of water, HạO. Lets look 
at this process from a step-by-step mathematical point of view. 


SAMPLE PROBLEM †1 


What mass of water is produced when 16 g of methane, 
CH¿ (formula mass 16 amu), reacts with oxygen, O;„ in the 
following reaction? 


CH¿ Sm 2O; —> CO; Đp 2H;O 
SOLUTION: 


Step 1. Convert the given mass to moles: 


Conversion factor 


(6 § mole Nà) 
Ủng Ơn 
Step 2. Use the coefficients of the balanced equation to find 
out how many moles of HO are produced from this many 

moles of CH¡¿: 


= 1mole CHạ 


Conversion factor 


2 moles TH 
1 moleCH¿ 
Step 3. Now that you know how many moles of HO are 
produced, convert this value to grams of HO: 


(1 moleCHUI( = 2moles HạO 


Conversion factor 


5THOES=rhin0))iP mem == 
( TC 1 moleEEO 

Steps 1 through 3 can be combined into a single equa- 
tion that starts with what you are given (16 g of CH¿) and 
calculates that which is asked for: 


= 36gHạO 


1 moleCH¿\/2 molesHzOì/_ 18 gHạO 
(16 g.CH¿) 
16 gCH¿¡ 1 moleCH¿ / \1 mole HzO 
step 1 step 2 step 3 
= 36gH;O 


Within each conversion factor, the unit that you want to 
change goes in the denominator and that which you want to 
obtain goes in the numeratOr. 

The method of converting grams of a substance to moles 
(step 1), then from moles of this substance to moles of that 
substance (step 2), followed by moles of that substance to 
grams (step 3) is called sfoichiometry. Ủsing stoichiometry, a 
scientist can calculate the amounts of reactants or products in 
any chemical reaction. For a special assignment, you might 


try your analytical thinking skills on the following problems. 
First, try to deduce the answer based on what you know about 
the law of mass conservation, and then follow the steps given 
here to check your answers. 


SAMPLE PROBLEM 2 


Show that 44 g of carbon dioxide, CO;, is produced when 
16 øg of methane, CH¿, reacts with oxygen, ©,. How many 
grams of oxygen, ©,„ are needed for this reaction? 


SG)|ÈIÚJ1I ||@)|N |E 


The 16 g of methane, CH¿¡, is one mole, which reacts with 
oxygen to produce one mole of carbon dioxide, CO;, which 
you know because of the coefficients in the balanced chemi- 
cal equation shown previously. One mole of carbon dioxide 
(formula mass 44 amu) is 44 g. So the 16 ø of methane reacts 
with oxygen to produce 44 g of carbon dioxide plus 36 g of 
water. The mass of the products (44g + 36g = 80 g) must 
be equal to the mass of the reactants (16g + ? = 80g).So 
we can calculate that the methane reacted with 64 g of oxy- 
gen, which, interestingly enouph, is 2 moles, as we see from 
the balanced equation. 

The mass of carbon dioxide produced can also be 
calculated as follows: 


“1egCii. )L1 moleti,l 


44 g CO; 
d6 gCHI( 1 nàng.) 
= 44gCO; 
Similarly, the mass of oxygen can be calculated as 
follows: 


(16gCHj)( 


SAMPLE PROBLEM 3 


How many grams of ozone (O., 48 amu) can be produced 
from 64 g of oxygen (©.„ 32 amu) in the reaction shown? 


3O; => 2 
SOLUTION: 


According to the law of mass conservation, the amount of 
mass in the products must equal the amount of mass in the 
reactants. Given that this reaction involves only one reactant 
and one product, you should not be surprised to learn that 
G1 g of reactant produces 64 g of product. Here are the stebwise 
calculations, which start with erms of oxygen and then finds the 
oles of oxygen. The moles of oxygen are then converted to moles 
of ozone using the coefficients of the equation. This is followed by 
a conversion of 1oÏ¿s of ozone to e7 Of oZOne: 


Tel ng.) 
32g; 3 moles O; /\ 1 moleOs 


“1egCti, L1 mol] 


ni 
16gCH¿ /\ 1 moleCH¡ 


1 moleO; 


ezoi( 
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SAMPLE PROBLEM 4 


What mass of nitrogen monoxide (NO, 30 amu) ¡is formed 
when 28 g of nitrogen (N;„ 28 amu) reacts with 32 g of 
oxygen (©,, 32 amu) in the reaction shown? 


Ñ› + O; —> 2NO 
SOLUTION: 


There are several ways to answer this question. One way 
would be to recognize that 28 g of N; is 1 mole of N; and 
32 gofO; ¡s 1 mole of O;. According to the balanced equation, 
combining 1 mole of N; with 1 mole of O, yields 2 moles of 
NO. Because the mass of 1 mole of NO ¡s 30 g, the mass of 2 
moles of NO must be 30 g x 2 = 60 g, which is simply the sum 
of all the reactants (28g + 32g = 60g). To calculate step- 
wise, you can start with either the 28 g ofN; or the 32 g of ©,. 


I1 Tác NG) 
28 gN; 1moleNÑ; /\1 moleNƠ 


(28 #NI( 


= 60gNO 


In this reaction, N; and Ô„ were combined ¡in exactly the 
ripht amounts. Do you recognize that there would be 
too much oxygen 1f 28 g of N; were reacted with 40 g of 
O,? lf that were the case, then only 32 g of the 40 g of O, 


would react. There would be 8 g of unreacted O› left over. 
Stoichiometry is an area of chemistry rich in opportunities 
for analytical thinking. 


YOUR TURN 


1. How many grams of iron oxide, FeaO»„ can be produced 
from the reaction of 25.0 g of iron, Fe, with an unlimited 
amount of oxygen, O,? (Not sure where to start? Heres 
a helpful rule: always start your calculation by writing 
down that which you are given, which in this case 1s 
25.0 g of Fe. Then proceed with the conversions.) 


4Fe + 3O; => 2 FezOs 


2. How many grams of iron oxide, FezOs, can be produced 
from the reaction of 25.0 ø of oxygen, O›„„ with an unlim- 
1ted amount of iron, Fe? 


3. How many grams of oxygen, ©.„ are required to react 
with 25.0 g of iron, Ee, to form iron oxide, FeaO+? 


4. A 25.0-g sample of iron, Fe, powder is mixed with 
25.0 g of oxygen, O;„ gas and heated until all of the 
Fe has reacted. How many grams of Ò›; remain after 
the reaction is complete? 


Ansiuers to CalculaHon Corners appenr at the end oƒ the chapter. 


The molar mass of any substance, be it element or compound, is defined as 
the mass of 1 mole of the substance. Thus, the units of molar mass are @74ns Đer 
1mole. For 1nstance, the atomic mass of carbon is 12.011 amu, which means that 
1 mole of carbon has a mass of 12.011 grams, and we say that the molar mass 
of carbon is 12.011 grams per mole. The molar mass of molecular oxygen, O› 
(formula mass 31.998 amu), is 31.998 grams per mole. For convenience, values 
such as these are often rounded to the nearest whole number. The molar mass 
of carbon, therefore, might also be presented as 12 grams per mole and that of 
molecular oxygen as 32 grams per mole. 


CO Ij0)Ð (c6 Etrp UC HECECKR 


What ¡is the molar mass of water (formula mass = 18 amu)? 


CHECK YOUR ANSWER From the formula mass, you know that 1 mole of water 
has a mass of 18 grams. Therefore, the molar mass is 18 grams per mole. 


Because 1 mole of any substance always contains 6.02 x 10 particles, 
the mole is an ideal unit for chemical reactions. For example, 1 mole of carbon 
(12 grams) reacts with 1 mole of molecular oxygen (32 grams) to give 1 mole 
of carbon dioxide (44 grams). 

In many instances, the ratio in which chemicals react is not 1:1. As shown 
in Figure 5, for example, 2 moles (4 pgrams) of molecular hydrogen react with 
1 mole (32 prams) of molecular oxygen to give 2 moles (36 grams) of water. Note 
how the coefficients of the balanced chemical equation can be conveniently inter- 
preted as the number of moles of reactants or products. A chemist therefore need 
only convert these numbers of moles to grams in order to know how much mass 
Of each reactant he should measure out to have the proper proportions. 

Cooking and chemistry are similar in that both require measuring ingredients. 
Just as a cook looks to a recipe to find the necessary quantities measured by the cup 
or the tablespoon, a chemist looks to the periodic table to find the necessary quanti- 
ties measured by the number of prams per mole for each element or compound. 
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) Figure 5 

Two moles of H, reacts with 1 mole of 
O; to give 2 moles of H;O. This is the 
same as saying 4 grams of H, reacts 
with 32 grams of O; to give 3ó grams of 
H;O or, equivalently, that 12.04 x 1023 
H; molecules react with 6.02 x 1023 O„ 
molecules to give 12.04 x 1023 H,O 
molecules. 


How Chemicals React 


2 moles 1 mole 2 moles 
which is which is which is 
4 grams 32 prams 36 prams 
which is which is which is 


12.04 X 1022molecules 6.02 X 10?2molecules 12.04 X 1023 molecules 


4 Chemical Reactions Can Be Exothermic or Endothermic 


LEARNING OBJECTIVE 


Calculate the amount of energy 
released or absorbedl by a chemical 
reaction using the bond energies of 
reactants and products. 


" ...‹‹4..< 


What do the breaking and forming of 
chemical bonds involve? 


) Figure ó 

For the chemical reactions that occur when 
wood is burning, there is a net release of 
energy. For the chemical reactions that 
occur in a photosynthetic plant, there is a 
net absorption of energy. 
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EXPLAIN THIS 
What changes during a chemical reaction? 


©nce a reaction ¡is complete, there may be either a net release or a net 
absorption of energy. Reactions in which there is a net release of energy are 
called exothermic. Rocket ships liÍt into space and campfires glow red hot as 
a result of exothermic reactions. Reactions in which there ¡is a net absorption of 
energy are called endothermic. Photosynthesis, for example, involves a series Of 
endothermic reactions that are driven by the energy of sunlight. Both exothermic 
and endothermic reactions, illustrated in Figure ó, can be understood throupgh the 
concept of bond energy. 

During a chemical reaction, chemical bonds are broken and atoms rear- 
ranged to form new chemical bonds. Such breaking and forming of chemical 
bonds involves changes in energy. As an analogy, consider a pair of magnets. 
To separate them requires an input of “muscle energy.“ Conversely, when the 
two separated magnets collide, they become slightly warmer than they had 
been, and this warmth is evidence of energy released. Energy must be absorbed 
by the magnets 1f they are to move apart, and energy is released as they come 
together. The same principle applies to atoms. To pull bonded atoms apart 
requires an energy input. When atoms combine, there is an energy output, 
usually in the form of faster-moving atoms and molecules, electromagnetic 
radiation, or both. 


How Chemicals React 


TABLE 1 Selected Bond Energies 


BOND ENERGY BOND ENERGY 
(KJ/MOLE) (KJ/MOLE) 


436 159 
414 138 
389 


464 
Só9 
431 
351 
34/7 


The amount of energy required to pull two bonded atoms apart is the same 
as the amount released when they are brought together. This energy ¡s called 
bond energy. Each chemical bond has its own characteristic bond energy. The 
hydrogen-hydrogen bond energy, for example, ¡is 436 kiloJoules per mole. 
This means that 436 kilojoules of energy is absorbed as 1 mole of hydrogen— 
hydrogen bonds break apart and 436 kilojoules of energy is released upon the 
formation of 1 mole of hydrogen-hydrogen bonds. Different bonds involving 
different elements have different bond energies, as Table 1 shows. You can refer 
to the table as you study this section, but please do not memorize these bond 
energies. Instead, focus on understanding what they mean. 

By convention, a positive bond energy represents the amount of energy 
absorbed as a bond breaks and a negative bond energy represents the amount of 
energy released as a bond forms. Thus, when you are calculating the net energy 
released or absorbed during a reaction, you need to be careful about plus and 
minus signs. lt is standard practice when doing such calculations to assign a 
plus sign to energy absorbed and a minus sign to energy released. For instance, 
when dealing with a reaction in which 1 mole of H-H bonds are broken, you 
write +436 kilojoules to indicate energy absorbed. The positive sign indicates 
that the molecules gained energy, which was used to break the bonds. When 
dealing with the formation of 1 mole of H-H bonds, you write 436 kilojoules 
to indicate energy released. The negative sign indicates that the molecules /osf 
energy, which was released to the environment. Well do some sample calcula- 
tions In a moment. 


ÔN CEPTGHEGK 


Do all covalent single bonds have the same bond energy? 


CHECK YOUR ANSWER No. Bond energy depends on the types of atoms bond- 
ing. The H-H single bond, for example, has a bond energy of 43ó kilojoules per mole, 
but the H-O single bond has a bond energy of 464 kilojoules per mole. Not all covalent 
single bonds have the same bond energy. 


An Exothermic Reaction lnvolves a Net 
Release of Energy 


For most chemical reactions, the total amount of energy absorbed in breaking 
bonds in reactants is different from the total amount of the energy released 
as bonds form ïn the products. Consider the reaction in which hydrogen and 
Oxygen react to form water: 


BH „2H SN. 


HH *=ẽH=H (CO =U O + O 


&@ FORYOUR 
INFORMATION 
The bonds that form in the product 
molecules are not the same bonds 
that broke in the reactant molecules. 
The amount of energy released upon 
product formation, therefore, will not 


be the same as the amount of energy 
consumed in reactant deformation. 


T mus† supply energy †o 
†hese ball magne†s in order 
†o pull †hem apart. 


Energy is released 
wWhen †they come †oge†herl 
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} Figure 7 

ln an exothermic reaction, the product 
molecules are at a lower potential energy 
than the reactant molecules. The net 
amount of energy released by the reaction 
is equal to the difference in the potential 


energies of the reactants and the products. 


In Section ó, we explore why graphs such 
as this have a bump in the middle. 
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In the reactants, hydrogen atoms are bonded to hydrogen atoms and oxygen atoms 
are double-bonded to oxygen atoms. The total amount of energy absorbed as 
these bonds break is +1370 kilojoules. Note that we use the plus sign to indicate 
the amount of energy absorbed to break bonds. 


Type of bond Number ofbonds  Bond energy Total energy 
H—H 2 moles +436 k]/mole +872 k] 
O=O 1 mole +498 kJ/mole +498 kJ 

Total energy absorbed: +1370 kJ 


In the products, there are four moles of hydrogen-oxygen bonds. The total 
amount of energy released as these bonds form ¡is —1856 kilojoules. Note that we 
use the minus sign to indicate the amount of energy rel2nsed as bonds are formed. 


Type of bond Number of bonds Bond energy Total energy 
H—O 4 moles —464 k]/mole —1856 k] 
Total energy released: —1856 k] 


The amount of energy released in this reaction exceeds the amount of energy 
absorbed. The net energy of the reaction is found by adding the two quantities: 


net energy of reaction = energy absorbed + energy released 
+1370 k] + (—1856 k]) 
= —486 kJ 


The negative sign on the net energy indicates that there is a net release of 
energy, so the reaction is exothermic. For any exothermic reaction, energy can 
be considered a product and 1s thus sometimes included after the arrow of the 
chemical equation: 


2H; + O;—>2 HO + energy 


In an exothermic reaction, the potential energy of atoms in the product 
molecules is lower than their potential energy in the reactant molecules. This 
1s illustrated ¡in the reaction profile shown ¡in Figure 7. The lowered potential 
energy of the atoms in the product molecules ¡is due to their being more tightly 
held together. This is analogous to two attracting magnets, whose potential 
energy decreases as they come closer together. The loss of potential energy 
is balanced by a gaïin in kinetic energy. Like two free-floating magnets com- 
¡ng together and accelerating to higher speeds, the potential energy of the 
reactants is converted to faster-moving atoms and molecules, electromagnetic 
radiation, or both. This kinetic energy released by the reaction is equal to the 
difference between the potential energy of the reactants and the potential 
energy of the products, as is indicated in Figure 7. 


Nitrogen monoxide, 


3 


Nitrogen, Oxygen, 


N› O; 


+182 kJ/mole 


| 


Potential energy———> 


Reaction progress ———————> 


How Chemicals React 


The total amount of energy released in an exothermic reaction depends on 
the amounts of the reactants. The reaction of large amounts of hydrogen and 
oxygen, for example, provided the energy to lift the Space Shuttle shown in 
Figure 8 into orbit. There were two compartments ¡in the large central tank, to 
which the orbiter was attached—one filled with liquid hydrogen and the other 
filed with liquid oxygen. Ùpon ignition, these two liquids mixed and reacted 
chemically to form water vapor, which produced the needed thrust as it is 
expelled the rocket cones. Additional thrust was obtained from a pair of 
solid-fuel rocket boosters containing a mixture of ammonium perchlorate, 
NH¿ClO¿, and powdered aluminum, AI. Ủpon ignition, these chemicals 
reacted to form products that were expelled at the rear of the rocket. The 
balanced equation representing this aluminum reaction is 


3NH,CIO¿ + 3 Al— Al;O; + AIClạ + 3NO + 6 HạO + energy 


(6i LØ) |N] (G |= l7 1 (e In| |2 (6 | $ 
Where does the net energy released in an exothermic reaction go? 


CHECK YOUR ANSWER This energy goes into increasing the speeds of reactant 
atoms and molecules and often into electromagnetic radliation such as light. 


An Endothermic Reaction lnvolves a Net 
Absorption of Energy 


When the amount of energy released in product formation is Íss than the 
amount of energy absorbed when reactant bonds break, the reaction is endo- 
thermic. An example is the reaction of atmospheric nitrogen and oxygen to 
form nitrogen monoxide: 


NE=N+OEO->N=O+N=O 
The amount of energy absorbed as the chemical bonds in the reactants break 1s 


Typeofbond Numberofbonds  Bond energy Total energy 
N=ẽN 1 mole +946 kJ/mole +946 kJ 
O=o 1 mole +498 kJ/mole +498 kJ 

Total energy absorbed: _+1444 k] 


The amount of energy released upon the formation of bonds in the 
products 1s 


Typeofbond Numberofbonds  Bond energy Total energy 
NE=O 2 moles —631 kJ/mole —1262 k] 
Total energy released: —1262 kJ 


As before, the net energy of the reaction ¡is found by adding the two 
quantities: 
net energy of reaction = energy absorbed + energy released 
= +14 kỊ + (—1262 k]) 
= +182 k] 


The positive sign indicates that there is a net absorpfion of energy, meaning the 
reaction is endothermic. For any endothermic reaction, energy can be consid- 
ered a reactant and is thus sometimes included before the arrow of the chemical 
equation: 


energy + N; + O;—>2NO 


^ Figure 8 

The Space Shuttle used exothermic 
chemical reactions to lift off from the 
earth's surface. 


FORYOUR 


&@ INFORMATION 


NASA scientists routinely test various 
materials for their durability against 
atomic oxygen, O, which is abundant 
in the low orbit of the Space Shuttle. 
They discovered that atomic oxygen 
effectively transforms surface organic 
materials into gaseous carbon 
dioxide. The scientists realized atomic 
oxygen“s usefulness for restoring 
paintings damaged by smoke or other 
organic contaminants. Together with 
art conservationists, they used atomic 
oxygen to restore certain damaged 
paintings, and it worked spectacularly. 
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) Figure 9 

In an endothermic reaction, the prod- 

uct molecules are at a higher potential 
energy than the reactant molecules. The 
net amount of energy absorbed by the 
reaction is equal to the difference in the 
potential energies of the reactants and the 
Products. 
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Nitrogen monoxide, 


3 


Nitrogen, Oxygen, 


N; O; 


+182 kJ/mole 


Potential energy ——> 


Reaction progress———————> 


In an endothermic reaction, the potential energy of atoms in the product 
molecules is higher than their potential energy ¡in the reactant molecules. This 
is illustrated ¡in the reaction profile shown in Figure 9. Raising the potential 
energy of the atoms in the product molecules requires a net input of energy, 
which must come from some external source, such as electromagnetic radia- 
tion, electricity, or heat. Nitrogen and oxygen react to form nitrogen monoxide 
with the application of laree amounts of heat, as occurs ađjacent to a liphtning 
bolt or ïn an internal-combustion engine. 


C ©O WCEPlP ID CHECKR 


Should the following reaction be endothermic or exothermic? 
O;NNO; => ® ĐÀ) SE NO; 
CHECK YOUR ANSWER No calculations are necessary. This reaction is endo- 


thermic because it involves only the breaking of a chemical bond. For practice with 
examples requiring calculations, see the questions at the end of this chapter. 


Energy ls Conserved in a Chemical Reaction 


We have been focusing on the key role energy plays in chemical reactions. 
This is an area of science known as thermodynamics, which stems from Greek 
words meaning “movement of heat.“ The concepts of exothermic and endo- 
thermic reactions fit neatly within what is known as the firsf lau of thermodUnnrics, 
which can be paraphrased as follows: 


Energy 1s conserved. It may be converted from one form to another, say, 
from potential to kinetic energy, but the total amount of enerey remains the 
same. The energy that an exothermic reaction releases always øOes some- 
where into the environment, often in the form of thermal energy (heat), 
but other forms, such as light energy or electric energy, are also possible. 
Likewise, the energy that an endothermic reaction absorbs always comes 
from somewhere in the environment, again, in various forms. 


This is a common sense type of law, from which we đerive the expression 
“You cant get something for nothing.“ Energy doesnt just appear or disap- 
pear. It either comes from somewhere or goes to somewhere. In the case of an 
exothermic reaction, energy comes from the formation of bonds in which atoms 
are held more tightly but vibrate faster. This is a downhill transformation of 
potential energy into kinetic energy. In the case of an endothermic reaction, 
energy is absorbed in the formation of bonds in which atoms are held more 
loosely and vibrate slower. This is an uphill transformation of kinetic energy 
into potential energy. 
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The first law of thermodynamics tells us that energy can be neither created 
nor đestroyed. This is an important law to understand, but it does not tell us the 
whole picture. Why, for example, do reactants react to form products? By doing 
nothing instead, they are following the first law of thermodynamics quite per- 
fectly. What then compels them to move forward in the formation of products? 
The answer to this question is aptly provided by what is known as the second 
lau 0ƒ thermodnamnics, which we explore next. 


5 Chemical Reactions Are Driven by the Spreading of Energy 


EXPLAIN THIS 
Why are exothermic reactions self-sustaining? 


Energy tends to disperse. lt flows from where it is concentrated to where it 1s 
spread out. The energy of a hot pan, for example, does not stay concentrated in 
the pan once the pan is taken off the stove. Instead, the energy spreads away 
from the pan into the cooler surroundings. Similarly, the concentrated chemical 
energy in gasoline disperses, when ignited, in the formation of many very hot 
smaller molecules that scatter explosively. Some of this released thermal energy 
is used by the engine to get the car moving. The rest spreads into the engine 
block and radiator fluid and out the exhaust pipe. 

Scientists consider this tendency of energy to disperse to be one of the cen- 
tral reasons for both physical and chemical changes. In other words, changes 
that result in energy spreading out tend to occur on their own—they are 
favored. This includes the cooling down of a hot pan or the burning of ignited 
gasoline. In both cases, there is a dispersal of energy to the environment. 

The opposite holds true, too. Changes that result in the concentration of 
energy do Ø:of tend to occur—they are not favored. Heat from the room, for 
example, will never spontaneously move into a pan to heat it up. Likewise, low- 
energy exhaust molecules coming out of a car“s tailpipe will not spontaneously 
come back together to form higher-energy gasoline molecules. The natural flow 
Of energy is always a one-way trip from where it is concentrated to where it is 
less concentrated, or “spread out.” 

That energy tends to disperse is spelled out by the second lau oƒ 
thermodnamcs, which can be paraphrased as follows: 


Any process that happens by itself results in the net dispersal of energy. For 
example, heat naturally flows from a higher-temperature object to a lower- 
temperature object because in doïng so, energy is dispersed from where it is 
concentrated (a hot pan) to where it is spread out (the cooler kitchen). 


Entropy is a measure of this natural spreading of energy. Wherever there is 
a spreading of energy, there is a corresponding 7crease in entropy. Applied to 
chemistry, entropy helps us to answer a most fundamental question: if you take 
two materials and put them together, will they react to form new materials? lí 
the reaction results in the dispersal of energy (an overall increase in entropy), 
then the answer is yes. Conversely, ¡f the reaction results in the concentration 
of energy (an overall decrease in entropy), then the reaction will of occur by 
1tself. Instead, such a reaction will occur only if an external source of energy is 
suppHed to it. 

Using this concept of entropy, you are now in a position to understand why 
exothermic reactions are self-sustaining——occurring on their own without need 
of external help——while most endothermic reactions need a continual prodding. 
Exothermic reactions spread energy out to the surroundings, much like a 


LEARNING OBJECTIVE 


Recognize that all chemical 
reactions are driven by the 
tendency of energy to disperse. 


"-:..... 


What is one of the central reasons 
for the occurrence of any physical or 
chemical change? 


CHEMICAL 
CONNECTIONS 


How is the dispersal of energy 
related to the concept of time? 


305 


^  Figure 10 

The Sun is truly a “hothouse”—dlispersing 
enormous amounts of energy from 
exothermic nuclear reactions. A tiny 
fraction of the Sun“s energy is used to 
drive photosynthesis, which is vital for 
plants and plant-eating creatures like us. 


&@ FORYOUR 
INFORMATION 

There are examples of endothermic 
reactions that proceed spontaneously 


absorbing heat from the environment. 


A classic example is the mixing of 
ions (salt) in water, as presented in 
the Hands-On Chemistry activity at 
the beginning of this chapter. In such 
cases, the environment disperses 
energy to the dissolving ions, which 
then spread this energy more widely 
into the volume of the solvent. 
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A quick Woy †o de†ermine 
whe†her a reoction migh† be 

favoroble is †o qssess wheTher 
†he reac†ion leads †o an overall 
dispersol of energy, which is †he 
same Thing as an increose in 
en†ropy. 


Becquse energy na†urally †ends 
†o disperse, a reoc†ion †ha† leads 
†o an increose in en†ropy will 
likely occur, while a reac†ion 
†ha† leads †o a decrease in 
en†ropy will no† likely occur. 


cooling hot pan. This is an increase in entropy; hence, exothermic reactions are 
favored to occur. An endothermic reaction, by contrast, requires that energy 
from the surroundings be absorbed by the reactants. This is a concentration of 
energy, which is counter to energy“s natural tendency to disperse. Endothermic 
reactions, therefore, can progress from reactants to products only with the 
continual input of energy. But from where might this energy come? The answer 
1s “from some self-sustaining exothermic reaction occurring elsewhere. ” 

The classic example is photosynthesis, which is an endothermic reaction by 
which plants use solar energy to create carbohydrates and oxygen from carbon 
đioxide and water, as represented by the following equation: 


sunlight + 6 CO; () + Ố6 HạO () —> C¿H¡;Os (s) + 6 O› (e) 
carbon water carbohydrate oxygen 
dioxide 


In photosynthesis, energy dispersed from the Sun becomes contained within 
the carbohydrate and oxygen products, which, of course, are the primary fuels 
of living organisms (Figure 10). Likewise, most modern materials, such as 
plastics, synthetic fibers, pharmaceuticals, fertilizers, and metals such as iron 
and aluminum, are made or purified using endothermic reactions. Our ability 
to produce these new and useful materials has been the hallmark of modern 
chemistry. Creating these products, however, necessarily requires the input of 
energy, which we must obtain from some external source, such as electricity 
from a power plant that burns fossil or nuclear fuels. 


CÁC CC ETổ 6© HECK 


Sugar crystals form naturally within a supersaturated solution of sugar 
water. Does the formation of these crystals result in an increase or a 
decrease in entropy? 


CHECK YOUR ANSWER The formation of these sugar crystals results in an increase in 
entropy. Your clue to an increase in entropy here is that the crystals form “on their own,“ 
a spontaneous process and thus one that must result in an entropy increase. Energy is 
released when molecules come together to form a solid (the heat of freezing). This 
release of heat involves the spreading out of energy, which is, by definition, an increase 
in entropy. 


While on the subject of the second law of thermodynamics, we would be 
remiss not to discuss the close relationship between entropy and our psycho- 
logical sense of time. That energy tends to spread out is part of our human 
experience. We expecf a hot pan to cool, just as we expecf hot gases to come out 
of an exhaust pipe. But what if we saw the reverse? For example, what would 
we think iÍ we saw smoke moving /zfo a smokestack? Or what if we saw a 
diver fly out of the water and rise upward to the diving platform? If we were 
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watching these energy-concentrating events on video, we would quickly 
conclude that the video was running backward. However, If in real life we actu- 
ally saw such things—if we could survive the shock—we would immediately 
sense that time itself was running backward. Thus, when we watch smoke shoot 
out of a smokestack and a diver diving into water, as shown in Figure 11, we 
have the sense that time is moving forward. The second law of thermodynam- 
ics, therefore, øives us our psychological sense of time; it is the “arrow of time.” 


(G (Ø) |N| (2 | lƑ 1Ị (Sln| |3 ŒG | 
The energy of a diver diving into a pool is dispersed as lots of moving 


water and a little heat after the diver hits the water. How, then, can the 
diver get back up to the platform? 


CHECK YOUR ANSWER Asa living organism, the diver has a supply of biochem- 
ical energy, obtained ultimately from photosynthesis, that he can tap to clinb upward 
against gravity to get back to the diving platform. 


Students often state the laws of thermodynamics this way: you cant win 
because you cant get any more energy out of a system than you put into it. You 
carn/t break even because no matter what you do, some of your energy will be 
dispersed as ambient heat. Finally, you can/t get out of the game because you 
depend on entropy-increasing processes, such as solar thermonuclear fusion, 
to remain alive. 


6 Chemical Reactions Can Be Slow or Fast 


EXPLAIN THIS 


Why does blowing into a campfire make the fire burn brighter? 


How exactly do reactants react to form products? This ¡is the focus of the 
remaining sections of this chapter. We begin by showing how the speed of a 
reaction depends on the concentration and temperature of reacting molecules. 

Some chemical reactions, such as the rusting of iron, are slow, while others, 
such as the burning of gasoline, are fast. The speed of any reaction is indicated 
by its reacHon rafe, which 1s an indicator of how quickly the reactants transform 
to products. As shown in Figure 12, initially, a flask may contain only reactant 
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High concentration 
of products, low 
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Products 


^ Figure 11 

As the diver dives, his potential energy 

is converted into kinetic energy. As he 
splashes into the water, this kinetic energy 
is spread to make the water molecules 
move faster and to heat up just a little. 
Will this dissipated energy reconcentrate 
itself to push him back through the air to 
the diving platform? The second law of 
thermodynamics says no. 


LEARNING OBJECTIVE 


Describe the requirements 
that must be met in order for 
a chemical reaction to occur. 


4 Figure 12 

Over time, the reactants in this reaction 
flask may transform to products. lf this 
happens quickly, the reaction rate is fast. lf 
it happens slowly, the reaction rate is slow. 
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_v 


"HH: 


What must two molecules do in order 
to react with each other? 
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..,COming ...eact Ipon ... resulting in the 


Reactants... together... colliding, .. . formation of products. 


«v Nitrogen, N2 ? Oxygen, O2 ^Ọọ Nitrogen monoxide, NO 


^ Figure 13 


During a reaction, reactant molecules collide with one another. 


molecules. Over time, these reactants form product molecules, and as a result, 
the concentration of product molecules increases. The reaction rate, therefore, 
can be defined either as how quickly the concentration of products increases or 
as how quickly the concentration of reactants decreases. 

What determines the rate of a chemical reaction? The answer is complex, 
but one important factor is that reactant molecules must physically come 
together. Because molecules move rapidly, this physical contact is appropriately 
described as a collision. We can ¡llustrate the relationship between molecular 
collisions and reaction rate by considering the reaction of gaseous nitrogen and 
Ø8aseous oxygen to form øaseous nitrogen monoxide, as shown in Figure 13. 

Because reactant molecules must collide in order for a reaction to occur, the 
rate of a reaction can be increased by increasing the number of collisions. An 
effective way to increase the number of collisions is to increase the concentra- 
tion of the reactants. Figure 14 shows that with higher concentrations, there are 
more molecules in a given volume, which makes collisions between molecules 
more probable. As an analogy, consider a group of people on a dance floor——as 
the number of people increases, so does the rate at which they bump into one 
another. An increase in the concentration of nitrogen and oxygen molecules, 
therefore, leads to a greater number of collisions between these molecules—— 
hence, a greater number of nitrogen monoxide molecules will form in a given 
period of time. 

Not all collisions between reactant molecules lead to products, however, 
because the molecules must collide in a certain orientation in order to react. 
NÑitrogen and oxygen, for example, are much more likely to form nitrogen 
monoxide when the molecules collide in the parallel orientation shown in 
Figure 13. When they collide in the perpendicular orientation shown 
in Figure 15, nitrogen monoxide does not form. FEor larger molecules, which 
can have nưumerous orientations, this orientation requirement is even 
mOFe restrictive. 


“4 
?” ø  ®% 


Less concentrated More concentrated 


^ Figure 14 

The more concentrated a sample of nitrogen and oxygen, the 
greater the probability that N; and O; molecules will collide and 
form nitrogen monoxide. 
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_ - 


NZ 


Reactants coming ...in the wrong ... may collide Instead, the reactants 
together... Orientation... with no reaction. merely bounce off 


each other. 


, Nitrogen, N; VU Oxygen, O; 


^ Figure 15 

The orientation of reactant molecules in a collision can determine whether a reaction occurs. 
A perpendicular collision between N; and O©; tends not to result in formation of a product 
molecule. 


A second reason that not all collisions lead to product formation is that the 
reactant molecules must also collide with enough kinetic energy to break their 
bonds. Only then is it possible for the atoms in the reactant molecules to change 
bonding partners and form product molecules. The bonds in N; and O,„ mol- 
ecules, for example, are quite strong. In order for these bonds to be broken, col- 
lisions between the molecules must contain enough energy to break the bonds. 
As a result, collisions between slow-moving N, and O, molecules, even those 
that collide in the proper orientation, may not form NO, as shown in Figure 1ó. 


FORYOUR 
INFORMATION 
The life sciences involve fantastic 


applications of chemistry, nitrogen 
fixation being just one example. 


Others include photosynthesis, cellular 


respiration, and molecular genetics. 
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Reactants... ..„, COming ...SlOWly... ... tend not ... ©Ven after 
together.... tO react... colliding in 


the proper 


(Q3 neeoeo, N;ạ ) Oxygen,Oz Oorientation. 


^ Figure 1ó 
Slow-moving molecules may collide with insufficient force to break their bonds. As a result, they 
cannot react to form product molecules. 


The higher the temperature of a material, the faster its molecules move 
and the more forceful and frequent the collisions between them. Higher 
temperatures, therefore, increase reaction rates. The nitrogen and oxygen 
molecules that make up our atmosphere, for example, are continually 
colliding with one another. At the normal temperatures of our atmosphere, 
however, these molecules do not generally have sufficient kinetic energy for 
the formation of nitrogen monoxide. The heat of a lightning bolt, as shown 
in the opening photo of this chapter, dramatically increases the kinetic 
energy of these molecules, to the point that a large portion of the collisions 
in the vicinity of the bolt result in the formation of nitrogen monoxide. The 
nitrogen monoxide formed in this manner undergoes further atmospheric 
reactions to form chemicals known as nitrates, which plants depend on for 
survival. This is an example of troeen fixaHiơn, which you may have learned 
about in a biology class. 
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Compression 


Power stroke 
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CƠ NG EPTCHECK 


An internal-combustion engine works by drawing a mixture of air and gas- 
oline vapors into a chamber. The action of a piston then compresses these 
gases into a smaller volume prior to ignition by the spark of a spark plug. 
What ¡is the advantage of squeezing the vapors into a smaller volume? 


CHECK YOUR ANSWER Squeezing the vapors into a smaller volume effectively increases 
their concentration and hence the number of collisions between molecules. This, in turn, 
promotes the chemical reaction. As per the ideal gas law, compression also increases the 
temperature, which further favors the chemical reaction. 


The energy required to break bonds can also come from the absorption of 
electromagnetic radiation. As the radiation is absorbed by reactant molecules, 
the atoms in the molecules may start to vibrate so rapidly that the bonds 
between them are easily broken. In many instances, the direct absorption of 
electromagnetic radiation is sufficient to break chemical bonds and to initiate a 
chemical reaction. The common atmospheric pollutant nitrogen dioxide, NO, 
for example, may transform to nitrogen monoxide and atomic oxygen merely 
upon exposure to sunlight: 


NO; + sunlight —> NO + O 


Activation Energy ls Needed for Reactants to React 


Whether they result from collisions, from the absorption of electromagnetic 
radiation, or both, broken bonds are a necessary first step in most chemical 
reactions. The energy required for this initial breaking of bonds can be viewed 
as an enerew barr1er. The minimum energy required to overcome this energy 
barrier is known as the activation energy (Ƒ,). 

In the reaction between nitrogen and oxygen to form nitrogen monoxide, 
the activation energy is so hiph (because the bonds in N; and O©, are strong) 
that only the fastest-moving nitrogen and oxygen molecules possess sufficient 
energy to react. Figure 17 shows the activation energy in this chemical reaction 
as a vertical hump. 

The activation energy of a chemical reaction is analogous to the energy 
a car needs to drive over the top of a hill. Without sufficient energy to climb 
to the top of the hill, ¡it isn/t possible for the car to get to the other side. 
Likewise, reactant molecules can transform to product molecules only if the 
reactant molecules possess an amount of energy equal to or greater than the 
activation energy. 


TH... Ta Nitrogen monoxide 
lš 
` , 
Đ 
K= h 
ủ Nitrogen  Oxygen 
Reaction progress—————> 
^ Figure 17 


Reactant molecules must gain a minimum amount of energy, called the activation energy, E., 
before they can transform to product molecules. 
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Kinetic energies 4 Figure 18 
sufficient to Because fast-moving reactant molecules 


`ỐÔ 
Kinetic energies Ý] q3 ô EU possess sufficient energy to pass over 
not sufficient to "ÂN, ©nergy barrier the energy barrier, they are the ones to 
Overcome transform to product molecules. 


energy barrier 

At any given temperature, there is a wide distribution of kinetic energies 
in reactant molecules. Some are moving slowly, and others are moving quickly. 
The temperature of a material is related to the average of all these kinetic ener- 
gies. The few fast-moving reactant molecules in Figure 18 have enough energy 
to pass over the energy barrier and are the ones to transform to product mol- 
ecules. 

When the temperature of the reactants 1s increased, the number of reactant 
molecules possessing sufficient energy to pass over the barrier also increases, 
which is why reactions are generally faster at hipher temperatures. Conversely, 
at lower temperatures, fewer molecules have sufficient energy to pass over the 
barrier. Hence, reactions are generally slower at lower temperatures. 

Most chemical reactions are influenced by temperature in this manner, 
including those reactions occurring ¡in living bodies. The body temperature 
Of animals such as humans, that regulate their internal temperature, is fairÏy 
constant. However, the body temperature of some animals, such as the alligator 
shown in Figure 19, rises and falls with the temperature of the environment. 
Ơn a warm day, the chemical reactions occurring ¡in an alligator are “up to 
speed” and the animal is more active. ©n a chilly day, however, the chemical 
reactions proceed at a lower rate; as a consequernce, the alligator“s movements 
are unavoidably sluggish. 


CO CEPTCHE€CKXK 


What kitchen device ¡s used to lower the rate at which microorganisms 
grow on food? 


CHECK YOUR ANSWER The refrigerator. Microorganisms, such as bread mold, 
are everywhere and difficult to avoid. By lowering the temperature of microorganism- 
contaminated food, the refrigerator decreases the rate of the chemical reactions that 
these microorganisms depend on for growth, thereby increasing the food's shelf life. 


4 Figure 19 

Drivers bewarel Alligators can become 
immobilized on pavement after being 
cauoht in the cold night air. By mid-morning, 
shown here, the temperature becomes 
warm enouoch to allow the alligator to get 
up and walk away. 
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7 Catalysts Speed Úp the Destruction of Stratospheric Ozone 


LEARNING OBJECTIVE 


Discuss how a catalyst can speed 
up a chemical reaction using the 
destruction of stratospheric ozone 
as an example. 


1"... .‹..‹..- 


A catalyst speeds up a chemical 
reaction by lowering what? 


FORYOUR 


&@ INFORMATION 


The stratospheric ozone layer is 
about 10 kilometers thick, but the 
concentration of ozone, O, within 
the layer is quite low. lf this ozone 
layer were brought down to Earth“s 
surface, atmospheric pressure would 
squeeze it to a thickness of only 

3 millimeters. Not much ozone is up 
there protecting us. But thankfully, 
even small amounts of ozone are 
very good at shading us from solar 
ultraviolet light. 


nh T 
Cl =C=E c]= lê F 
CI F 
CFC-11 CFC-12 
^ Figure 20 


Two of the most common CFCs, 

also known as freons, were CFC-11, 
trichlorofluoromethane, and CFC-12, 
dichlorodifluoromethane. At the height of 
CFC production in 1988, some 1.13 million 
tons was produced worldwide. Because of 
their inertness, CFCs were once thought to 
pose little threat to the environment. 
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EXPLAIN THIS 


Chew a salt-free soda cracker for a few minutes and the cracker begins to 
taste sweet. Why? 


As điscussed in the previous section, a chemical reaction can be made to go 
faster by increasing the concentration of the reactants or by increasing the tem- 
perature. A third way to increase the speed of a reaction ¡s to add a catalyst, 
which is any substance that increases the rate of a chemical reaction without 
1tself being consumed. 

To learn how catalysts work, lets consider some chemical reactions that 
take place in our atmosphere. One of the most important reactions OCCurs at 
altitudes higher than 20 km, within a region known as the sfrafosphere. Here the 
Sun“s ultraviolet (DV) rays cause oxygen molecules to transform into ozone 
molecules, as follows: 


molecular oxygen Ozone 


Furthermore, the ozone itself, once formed, is able to transform ultraviolet light 
Into heat: 


O: (6) + UV O: (e) + heat 


OZone OZone 


In all, these ozone reactions prevent about 95 percent of the ultraviolet rays 
that come to our planet from the Sun from reaching its surface. This is of great 
benefit to life on the Earth because ultraviolet rays are most harmful to living 
tissue. Stratospheric ozone 1s our planet“s safety shield. 

Starting in the 1970s, scientists began to recognize that human-made chỉÌo- 
rofluorocarbons, also known as CFCs, posed a significant threat to stratospheric 
ozone. Because CECs are inert gases, they were once commonly used in air 
conditioners and aerosol propellants. Two of the most frequently used CFCs 
are shown ïn Figure 20. 

The CFC§s, it was discovered, drift their way to the stratosphere, where the 
intense ultraviolet rays break apart these molecules, producing chlorine atoms. 
The chlorine atoms, in turn, speed up the rate at which ozone molecules are 
destroyed. They do this by offering a reaction pathway that has a lower activa- 
tion energy, as shown in Figure 21. 

Chlorine atoms provide an alternate pathway involving intermediate reac- 
tions, each having a lower activation energy than the uncatalyzed reaction. 
Thịis alternate pathway involves two steps. Initially, the chlorine reacts with the 
ozone to form chlorine monoxide and oxygen: 


C15 + O; —> CO + ©O, 
Chlorine Ozone Chlorine Oxygen 
monoxide 


The chlorine monoxide then reacts with another ozone molecule to re-form 
the chlorine atom, as well as to produce two additional oxygen molecules: 


CO + O; ——> C1 + 2O; 
Chlorine Ozone Chlorine Oxygen 
monoxide 


A catalyst speeds up a chemical reaction, but interestingly, it is not destroyed 
by the reaction it catalyzes. Notice that although chlorine is depleted in the first 
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Energy———> 
Energy———> 


20: —> 3Q; 20; 


TS 3Ó, 


Reaction progress—————> 


(a) Without catalyst (b) With chlorine catalyst 


^ Figure 2† 

(a) The high activation energy indicates that only the most energetic ozone molecules can 

react to form oxygen molecules. (b) The presence of chlorine atoms allows conversion of ozone 
to oxygen with a lower activation energy, which means more ozone molecules have sufficient 
energy to form the product. (Note that the convention is to write the catalyst above the 
reaction arrow.) 


reaction, it is regenerated in the second reaction. As a result, there is no net 
consumption of chlorine. Instead, it survives; so it can speed up the reaction 
repeatedly. One chlorine atom in the ozone layer, for example, can catalyze the 
transformation of 100,000 ozone molecules to oxygen molecules in the one or twO 
years before the chlorine atom is removed by natural processes. In short, chlorine 
1s bad news for stratospheric ozone, which is bad news for life on the Earth. 

The fragility of stratospheric ozone came to the world“s attention in 1985, 
with the discovery of a seasonal depletion of stratospheric ozone over the 
Antarctic continent,a phenomenon known as the öz0ne hole. The fact that chlorine 
atoms play an active role in the destruction of Antarctic ozone is revealed by 
measuring chlorine monoxide concentrations over this region, as shown 
in Figure 22. Furthermore, the satellite images show that the shape of the ozone 
hole typically matches the shape of a map showing chlorine monoxide distribu- 
tion (Figure 23). 

There has been an unprecedented level of international cooperation toward 
banning ozone-destroying substances such as CECs. As a result, stratospheric 
concentrations of chlorine have been declining. Even with these treaties in 
place, however, the ozone-destroying actions of CFCs will be with us for some 
time. Atmospheric CEC levels are not expected to drop back to the levels found 
before the ozone hole was formed until sometime in the 22nd century. 


Chlorine 
monoxide, ClIO 


Tỳ 


Reaction progress—————> 


FORYOUR 


®) INFORMATION 


Numerous oil-drilling sites in Siberia 
were once allowed to vent natural 
gas freely into the atmosphere. After 
the fall of the Soviet Union, these 
wells were capped to prevent this 
venting. Within weeks, instruments at 
the Mauna Loa weather observatory 
on the other side of the planet noted 
a significant drop in atmospheric 
levels of methane and its by-product, 
carbon dioxide. The effect that we 
humans have on global atmospheric 
conditions is very measurable. 


4 Figure 22 

Concentrations of stratospheric ozone and 
chlorine monoxide in southern latitudes. As 
chlorine monoxide levels increase, ozone 
levels decrease. The yellow highlighting 
shows where small fluctuations in ClO con- 
centrations result in large fluctuations in 
O; concentrations. This is consistent with 
catalytic behavior. 
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) Figure 23 

Satellite images of the southern hemi- 
sphere showing concentrations of chlorine 
monoxide adjacent to concentrations of 
stratospheric ozone. 


FORYOUR 


&@ INFORMATION 


Chlorofluorocarbons are distributed 
fairly evenly across the Earth“s 
stratosphere. Over the poles, 
however, stratospheric clouds are able 
to form during the dark and extremely 
cold winters. CFC molecules bind 

to ice crystals within these clouds. 
When hit by sunlight in the spring, 
the crystal-bound CFC molecules 
break apart, producing a large dose 
of ozone-destroying chlorine atoms. 
In Antarctica, this process reaches 

a peak in September, which is when 
the largest ozone holes are typically 
observed. The ozone hole over the 
South Pole is typically more intense 
than the one over the North Pole. 
The reason is because the geography 
of the southern ocean favors a 

stable vortex around the South Pole, 
which, in turn, favors the formation of 
the stratospheric clouds. 


) Figure 24 

A catalytic converter reduces the pollution 
caused by automobile exhaust by convert- 
ing such harmful combustion products as 
NO, CO, and hydrocarbons to harmless 
N¿, O;„ CO;, and H;O. The catalyst is 
typically platinum, Pt; palladium, Pd; or 
rhodium, Rd. 
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Chlorine Monoxide and the Ozone Hole 


2. 
Parts per million by volume 


Catalysts Are Also Most Beneficial 


Chemists have been able to harness the power of catalysts for nưmerous 
beneficial purposes. The exhaust that comes from an automobile engine, for 
example, contaïns a wide assortment of pollutants, such as nitrogen monoxide, 
carbon monoxide, and uncombusted fuel vapors (hydrocarbons). To reduce 
the amount of these pollutants entering the atmosphere, most automobiles 
are equipped with cafal/tic coruerfers, as shown in Figure 24. Metal catalysts 
in a converter speed up reactions that convert exhaust pollutants to less toxic 
substances. Nitrogen monoxide is transformed to nitrogen and oxygen, carbon 
monoxiđe is transformed to carbon đioxide, and unburned fuel is converted 
to carbon dioxide and water vapor. Because catalysts are not consumed by the 
reactions they speed up, a single catalytic converter may confinue to operate 
effectively for the lifetime of the car. 

Catalytic converters, along with microchip-controlled fuel-air ratios, have 
led to a significant drop ïn the per-vehicle emission of pollutants. This improve- 
ment, however, has been offset by an increase in the number of cars being 
driven, as exemplified by the traffic Jam shown ¡in Figure 25. 


Tail pipe 


E= from engine. 


†o atmosphere E— 


Before it reaches the catalytic converter, 
the exhaust contains such pollutants 
as NO, CO, and hydrocarbons. 


After it has passed through the 
catalytic converter, the exhaust 
contains water Vapor, N„, ©;, and cO:. 
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4 Figure 25 

The exhaust from automobiles today is 
much cleaner than before the advent of 
the catalytic converter, but there are many 
more cars on the road. In 1960, there were 
about 74 million registered motor vehicles 
in the United States. In 2009, there were 
more than 254 million. 


Catalysts lower manufacturing costs by lowering required temperatures CHEMICAL 
and by providing greater product yields without being consumed. Indeed, CONNECTIONS 
more than 90 percent of all manufactured goods are produced with the 
assistance of catalysts. The production of polymer plastics is particularly conditioning connected to 
dependent upon catalysts. Also, without catalysts, the price of gasoline would the quality of sunshine in 
be much higher, as would be the price of such consumer øgoods as rubber, phar- Âhitaretica# 
maceuticals, automobile parts, clothing, and food grown with chemical fertil- 
1zers. Living organisms rely on special types of catalysts known as ¿ñzW16s, 
which allow exceedingly complex biochemical reactions to occur with ease. 


How is the invention of air 


(Œ (GJ |N| (G J= lƑ J (ŒG mị |j= (C bệ 
How ¡is a catalyst different from a chemical reactant? 


CHECK YOUR ANSWER A catalyst is not used up during a chemical reaction. 
Instead, ¡t is released as its original self. The catalyst can then serve to catalyze more 
reactions. A chemical reactant, by contrast, is consumedl during a reaction as it is trans- 
formed into a chemical product. 
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Chapter ReVICW 


LEARNING OBJECTIVES 


ldentify whether a chemical equation is balanced 
or not balanced. (1) 


Correlate the formula mass of a substance with the 
number of molecules or atoms that substance contains. (2) 


Úse the concept of moles to calculate the mass of 
reactants neededl to produce a given mass of products. (3) 


Calculate the amount of energy released or absorbed 


Ouestions 1-4, 44-53 


Ouestions 5-7, 35, 40, 54-á0 


Ouestions 8—12, 30-34, 3-37, ó1-ó3 


by a chemical reaction using the bond eneroies of 
reactants and products. (4) 


Recogdnize that all chemical reactions are driven by 
the tendency of eneroy to disperse. (5) 

Describe the requirements that must be met in 
order for a chemical reaction to occur. (6) 


Discuss how a catalyst can speed up a chemical 
reaction using the destruction of stratospheric 
ozone as an example. (7) 


SUMMARY OF TERMS (KNOWLEDGE) 


Activation energy The minimum energy required for a 
chemical reaction to proceed. 


Avogadro's number The number of particles—6.02 x 1023— 
contained in 1 mole of anything. 


Bond energy The amount of energy required to pull two 
bonded atoms apart, which is the same as the amount of 
energy released when the two atoms are brought together 
into a bond. 

Catalyst Any substance that increases the rate of a chemical 
reaction without itself being consumed by the reaction. 

Chemical equation À representation of a chemical reaction in 
which reactants are drawn before an arrow that points to 
the products. 

Endothermic A term that describes a chemical reaction in 
which there is a net absorption of energy. 

Entropy A measure of an amount of energy that has been 
dispersed. Wherever there is a spreading of energy, there 
is a cOrresponding 71crense in entropy. 
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—> Questions 13-15, 27, 36-39, 42, ó4-ó8 


—> Questions Tó-18, 43, ó9-74, 83 


—> Questions 19-22, 28, 41, 75-78 


—>  Ouestions 23-2ó, 29, 79-82, 84-685 


Exothermic A term that describes a chemical reaction in which 
there is a net release Of energy. 


Formula mass The sum of the atomic masses of the elements 
in a chemical formula. 


Law of mass conservation The principle that states that matter 
1s neither created nor destroyed during a chemical 
reaction—atoms merely rearrange, without any apparent 
loss or gain of mass, to form new molecules. 


Molar mass The mass of 1 mole of a substance. 
Products The new materials formed in a chemical reaction. 
Reactants The reacting substances in a chemical reaction. 


Reaction rate A measure of how quickly the concentration 
of products in a chemical reaction increases or the 
concentration of reactants decreases. 


Thermodynamics An area of science concerned with the 
role energy plays in chemical reactions and other 
energy-dependent processes. 
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READING CHECK OUESTIONS 


1 Chemical Reactions Are Represented by Chemical 
Equations 


1. What is the purpose of coefficients in a chemical 
equation? 
2. How many oxygen atoms are indicated on the right side 
of this balanced chemical equation? 
4Cr(s) + 3O;(e) => 2 CrzO; (c) 
3. Why is it important that a chemical equation be balanced? 


4. Why is it important never to change a subscript in a 
chemical formula when balancing a chemical equation? 


2 Counting Atoms and Molecules by Mass 


5. Why don/t equal masses of golf balls and Ping-Pong balls 
contain the same number of balls? 


ó. Why don't equal masses of carbon atoms and oxygen 
molecules contain the same number of particles? 


7. What is the formula mass of nitroøen monoxide, NO, ¡n 
atomic mass unIts? 


3 Converting between Grams and Moles 


8. If you had 1 mole of marbles, how many marbles would 
you have? What if you had 2 moles of marbles? 


9. How many moles of water are in 18 grams of water? 
10. How many molecules of water are in 18 grams of water? 


11. Why is saying you have 1 mole of water molecules the 
same as saying you have 6.02 x 1023 water molecules? 


12. What ¡is the mass of an oxygen atom in atomic mass units? 


4 Chemical Reactions Can Be Exothermic or 
Endothermic 


13. lf it takes 436 kilojoules to break a bond, how many 
kilojoules are released when the same bond is formed? 


CONFIRM THE CHEMISTRY 


27. lf you ever have the opportunity to play with an electric 
train set, smell the engine car after it has been operating. 
You will note a slight “electric smell.“ This is the smell 
of ozone gas, which is created as the oxygen in the air 1s 
zapped with electric sparks. Why ¡s this smell also some- 
times apparent when a lightning storm strikes or when 
you pulÏ your fuzzy sweater off in the dry air of winter? 
]s the formation of ozone from oxygen an endothermic or 
exothermic reaction? 


28. An Alka-Seltzer antacid tablet reacts vigorously with 
water. But how does this tablet react to a solution of 
half water and half corn syrup? Propose an explanation 
involving the relationship between reaction speed and 
the frequency of molecular collisions. 


29. Baker s yeast contains a biological catalyst known as 
catalase, which catalyzes the transformation of hydrogen 


(COMPREHENSION) 


14. What is released by an exothermic reaction? 
15. What is absorbed by an endothermic reaction? 


5 Chemical Reactions Are Driven by the Spreading of 
Energy 


1ó. As energy disperses, where does it go? 
17. What in the universe is always increasing? 


18. Why are exothermic reactions self-sustaining? 


ó Chemical Reactions Can Be Slow or Fast 


19. Why dont all collisions between reactant molecules lead 
to product formation? 


20. What generally happens to the rate of a chemical reaction 
with increasing temperature? 

21. Which reactant molecules are the first to pass over the 
energy barrier? 


22. What term is used to describe the minimum amount of 
energy required for a reaction to proceed? 


7 Catalysts Speed Up the Destruction of Stratospheric 
Ozone 


23. What catalyst is effective in the destruction of atmospheric 
ozone, ©,? 


24. What does a catalyst do to the energy of activation for 
a reacton? 


25. What net effect does a chemical reaction have on a 
catalyst? 


ó. Why are catalysts so important to our economy? 


(HANDS-ON APPLICATION) 


peroxide, H;,O,„ into oxygen, O;„ and water, H,O. 
Write a balanced equation for this reaction. Add a 
couple milliliters of 3 percent hydrogen peroxide to a 
glass containing a small amount of baker“s yeast. 
What happens? Why? 
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THINK AND SOLVE 


30. 
31. 


32. 
S&L 


34. 


35. 


3ó. 


37. 


THINK AND COMPARE 


40. 


41 


THINK AND EXPLAIN 
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Show that there are 1.0 x 1022 carbon atoms in a 1-carat 
pure diamond, which has a mass of 0.20 grams. 


How many gold atoms are in a 5.00-pram sample of pure 
gold, Au (197 amu)? 


Show that 1 mole of KCIO, contains 122.55 prams. 

Small samples of oxygen gas needed in the laboratory can be 

generated by a number of simple chemical reactions, such as 
2 KCIO; (s) — 2 KC] (s) + 3 O; (e) 


According to this balanced chemical equation, how 
many moles of oxygen gas are produced from the reaction 
of 2 moles of KCIO; solid? 


Small samples of oxygen gas needed in the laboratory can be 
generated by a number of simple chemical reactions, such as 
2 KCIO; (s) —> 2 KCI (s) + 3 O; (e) 


'What mass of oxygen (n grams) is produced when 
122.55 grams of KCIO; (formula mass 122.55 atomic mass 
units) takes part in this reaction? 


Show that the mass of 2-propanol, C;H.O, is 60 amu and 
that the formula mass of propene, C.H,„ is 42 amu. Also 
show that the formula mass of water, H;O, is 18 amu. 

How many grams of water, H„O, and propene, C.H.„ can be 
formed from the reaction of 6.0 prams of 2-propanol, C;H,O? 


CạHạO — C:H¿ + HO 


A 16-g sample of methane, CHÍ, is combined with a 16-g 
sample of molecular oxygen, O.„ in a sealed container. 


(ANALYSIS) 


Rank the following in order of increasing number 
Of atoms: 


a. 52 g of vanadium, V 
b. 52 g of chromium, Cr 
c. 52 g of manganese, Mn 


.- Rank the following reaction profiles in order of increasing 


reaction speed. 


ˆ- 


— Reaction progress —> 


(c) 


=.. 


— Reaction progress —> 


(b) 


— Energy —> 


— Energy —> 
— Energy —> 


— Reaction progress —> 


(a) 


(SYNTHESIS) 


1 Chemical Reactions Are Represented by 
Chemical Equations 


AA. 
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Balance these equations: 
a. Fe(s) + O;(s) => _ FezO;() 
b._ Hạ(@) + _ Nạ@) —> _ NH;(Œ) 


38. 


35. 


(a) 


(b) 


42. 


43. 


45. 


(MATHEMATICAL APPLICATION) 


Dpon ignition, what is the maximum amount of carbon 
đioxide, CO,„ that can be formed? 
CH¿ + 2O;—>CO; + 2 HO 

Dse the bond energies in Table 1 and the accounting 
format shown in Section 4 to determine whether these 
reactions are exothermic or endothermic: 

Hạ + Cl;—>2 HCI 
Dse the bond energies in Table 1 and the accounting for- 
mat shown ¡in Section 4 to determine whether these reac- 
tions are exothermic or endothermic: 


H H 
` 7 
N—N  —> H-H+H_-H*N, 
7 \ 
H H 
H H 
` \ 
O—-O + O-O — 
\ à 
H H 


@?=Œ1.H<(Ổ) cIỊ=O) 
` À 


H H 


Rank the following covalent bonds in order of increasing 
bond strength. 

a. CS=C 

;b CC 

cáo 

Rank the following in order of increasing entropy. A deck 
of playing cards 

a. at 45°C, new and unshuffled sitting in a room at 25°C. 
b. at 233°C, new and unshuffled sitting in a room at 25°C. 
c. at 25°C, used and shuffled sitting in a room at 25°C. 


c  Cl(g)+ KBr(@q) >  Brạ() + KCH(w) 
d._ CH¿(@) + O;() >>  CO;(ø)+  HạO() 
Balance these equations: 

a3. EG@G) + S) -> G2530) 

b. _— Ứ¿ (s) Bì — H; (6) = _ PHạ (e) 
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c  NO()+ Cl() => _NOCIŒ) 
d._ SiCl(/)+  MgG) —>  5iG6)+  MgCl;@) 
4ó. Which of the following chemical equations is balanced? 
2 C,Hio(g) + 13 O;(s) —> 8 CO;(s) + 10 H;O (0) 
4 C¿H;NzOs (s) + 19 O; (g) —> 24 CO; (e) + 20NO; (e) + 14H;O (6) 


LIse the follotuins 1llustrations t0 ansiUer exercises 47-49. 


Assume the preceding illustrations are two frames of a 
movie—one before the reaction and the other after the 
reaction. How many diatomic molecules are represented 
in this movie? 


47. 


48. There is an excess of at least one of the reactant molecules. 


'Which one? 


es° 


Ầ B C D E 


49. Which equation best describes this reaction? 

a. 2WX; + 2 ZYX;: + X;ạ > 2ZXW¿+ 2YW; 

Isb 2 WX:› A2 YZW¿ SP X¿ =ˆ YạW¿ + 2ZXW 

c. 2WX; + 2 YZW; + W¿; —> 2 ZXW¿ + 2 YW; 

d. 2 XW; + 2 ZYW; + W; —> 2 ZXW¿ + 2 YW; 
The reactants shown schematically on the left represent 
methane, CH¡, and water, H,O. Wite out the full 
balanced chemical equation that is depicted. 


s% 
s° TƯ NG 


The reactants shown schematically on the left represent 
iron oxiđe, Fe,O,, and carbon monoxide, CO. Write out 
the full balanced chemical equation that is depicted. 


`... 
kx e° . 


52. The following is a tough equation to balance. Hint: treat 
the PO¿ polyatomic ion as a single entity. 


Mg(OH); nộp) HạPO¿ —=-< Mga(PO¿); HẸP HO 


50. 


© 


51. 


«°® 


53. The following is a tough equation to balance. 
Hint: temporarily use a fraction for a coefficient. 


FeS› bì O; = FesOa 3E SO» 


2 Counting Atoms and Molecules by Mass 


54. Which has more atoms: 17.031 grams of ammonia, NH:, 
or 72.922 grams of hydrogen chloride, HCI? 
55. How many moles of molecules are in 
a. 28 grams of nitrogen, N;? 
b. 32 grams of oxygen, O,? 
c. 32 prams of methane, CH¡? 
d. 38 grams of fluorine, F„? 
Só. How many moles of atoms are in 
a. 28 grams of nitrogen,N,? 
b. 32 grams of oxygen, O,? 
c. 16 prams of methane, CH? 
d. 38 grams of fluorine, F„? 
.- What is the mass of a water molecule in atomic mass units? 
. What is the mass of a water molecule in grams? 
- ls 1t possible to have a sample of oxygen that has a mass 
of 14 atomic mass units? Explain. 


. Which has the greater mass, 1.204 x 10? molecules of 
molecular hydrogen or 1.204 x 10? molecules of water? 


3 Converting between Grams and Moles 


61. How many grams of gallium are in a 145-gram sample of 
gallium arenside, GaAs? 


ó2. How many atoms of arsenic are in a 145-pram sample of 
gallium arsenide, GaAs? 


63. How is it possible for a jet airplane carrying 110 tons of Jet 
fuel to emit 340 tons of carbon dioxide? 


4 Chemical Reactions Can Be Exothermic or 
Endothermic 


64. During a chemical reaction, bonds break and then reform. 
Why isn/t the energy required to break these bonds equal 
to the energy released when the bonds are reformed? 


ó5. Are the chemical reactions that take place in a disposable 
battery exothermic or endothermic? What evidence 


Supports your answer? 


6ó. Is the reaction going on in a rechargeable battery while it 


1s recharging exothermic or endothermic? 


67. Exothermic reactions are favored because they release 
heat to the environment. Would an exothermic reaction be 
more favored or less favored 1Í it were carried out within 


a superheated chamber? 


68. Why do exothermic reactions typically favor the 


formation of products? 


5 Chemical Reactions Are Driven by the 
Spreading of Energy 


69. What role does entropy play in chemical reactions? 


70. Under what conditions will a hot pie not lose heat to its 
surroundings? 


71. As the Sun shines on a snowcapped mountain, much of 
the snow sublimes instead of melts. How is this favored by 


entropy? 
72. Estimate whether entropy increases or decreases with the 
following reaction. se data from Table 1 to confirm your 
estimation. 
2 (s) SÍP độ) H;ạ() mm C;H; (e) 
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73. According to the second law of thermodynamics, 
exothermic reactions, such as the burning of wood, are 
favored because they result in the dispersal of energy. 
'Wood, however, will not spontaneously burn even when 
exposed to pure oxygen, O,. Why? 

74. Wild plants readily grow “all by themselves,“ yet the 

molecules of the growing plant have /ess entropy than 

the materials used to make the plant. How is it possible 
for there to be this đecrease in entropy for a process that 
occurs all by itself? 


ó Chemical Reactions Can Be Slow or Fast 


75. In the laboratory, endothermic reactions are usually 
performed at elevated temperatures, while exothermic 
reactions are usually performed at lower temperatures. 
'What are some possible reasons for this? 


7ó. Does a refrigerator prevent or delay the spoilage of 
food? Explain. 


77. Why does a glowing splint of wood only burn slowly in 
air but burst into flames when placed in pure oxygen? 


THINK AND DISCUSS (EVALUATION) 


83. Discuss how any device that keeps track of time is 
dependent upon an increase in entropy. 


84. Many people hear about atmospheric ozone depletion 
and wonder why we dont simply replace what has been 
destroyed. Knowing about chlorofluorocarbons and 
knowing how catalysts work, explain why this would not 


be a lasting solution. 


Throughout the history of life on the Earth, there have 
been at least six major mass extinctions. The largest mass 


85. 


READINESS ASSURANCE TEST 


]ƒ uou haue a qood handle ơn this chapter, then you should be able to 
score at leqst 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistr.com. lƒ you score less than 7, you nieed 
to stidU ƒurther beƒ0re mo00ïng 0n. 


Choose the BEST answer to the following. 


1. What coefficients balance the following equation? 
_Pạ@$)+_ Hạ(g) —> _ PHạG) 
a. 4,2,3 
b. 1,6,4 
c. 1,4,4 
d. 2,10,8 


2. For the following generic balanced chemical equation 
where each letter represents a reactant or product, which 
has the greatest number of atoms? 


1P SA. 
a. The reactants, 4 B 
b. The products, 2A + 3C 
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78. Give two reasons why heat is often added to chemical 
reactions performed in the laboratory. 


7 Catalysts Speed Úp the Destruction of Stratospheric 
Ozone 


7Á} 


Explain the connection between photosynthetic life on the 
Earth and the ozone layer. 


80. Does the ozone pollution from automobiles help alleviate 


the ozone hole over the South Pole? Defend your answer. 


81. Chlorine is put into the atmosphere by volcanoes in the 
form of hydrogen chloride, HCT, but this form of chlorine 
does not remain in the atmosphere very long. Why? 


82. In the following reaction sequence for the catalytic forma- 
tion of ozone from molecular oxygen, which chemical 
compound is the catalyst: nitrogen monoxide or nitrogen 
đioxide? 

O; + 2NO-—>2 NO; 

2 NO;—2 NO +2O 


700): 922 0), 


extinction occurred about 450 million years ago and may 
have been initiated by an intense burst of ozone-depleting 
gamma rays produced by the explosion of a nearby star. 
Scientists point to the most recent sixth mass extinction as 
OCCurring right now. Discuss possible causes of this mass 
extinction. What creatures might survive? Should humans 
do anything to minimize this mass extinction, or should 
they just accept it as a natural course of the Earth/s history? 


(RAT) 


c. There are the same number of atoms in reactants and 
products. 


d. Not enough information is provided. 
3. Which has the greatest number of atoms? 

a. 28 g of nirogen,N; 

b. 32 g of oxygen, O, 

c. 16 g of methane, CH¡, 

d. 38 g of fluorine, F„ 


4. How many molecules of aspirin (formula mass aspirin = 
180 amu) are in a 0.250-gram sample? 


a. 6.02 10 
b. 8.36 x 100 
Œ 1B 210” 
d. More information is needed. 


5. _Is the synthesis of ozone, Ò;„ from oxygen, ©„„ an example 
of an exothermic or endothermic reaction? 


a. Exothermic because ultraviolet light is emitted during 
1ts formation. 
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b. Endothermic because ultraviolet light is emitted 
during its formation. 


c. Exothermic because ultraviolet light is absorbed 
during its formation. 


d. Endothermic because ultraviolet light is absorbed 
during its formation. 


ó. How much energy, in kilojoules, are released or absorbed 


from the reaction of 1 mole of nitrogen, N„, with 3 moles 
of molecular hydrogen, H;, to form 2 moles of ammonia, 
NH;? Consult Table 1 for bond energies. 


a. +899 k]/mol 
b. —993 kỊ/mol 
c. +80 k]/mol 
d. —80 k]/mol 


. How is it possible to cause an endothermic reaction to 
proceed when the reaction causes energy to become less 
dispersed? 


a. The reaction should be placed in a vacuum. 
b. The reaction should be cooled down. 


c. The concentration of the reactants should be 
1ncreased. 


d. The reaction should be heated. 


._ The yeastin bread dough feeds on sugar to produce carbon 
dioxide. Why does the doupgh rise faster in a warmer area? 
a. There is a greater number of effective collisions 
among reacting molecules. 


b. Atmospheric pressure decreases with increasing 
temperature. 


ọ. 


10. 


c. The yeast tends to “wake up“ with warmer tempera- 
tures, which is why baker“s yeast is best stored ¡in the 
refriperator. 


d. The rate of evaporation increases with increasing 
temperature. 


What can you deduce about the activation energy of a 

reaction that takes billions of years to go to completion? 

How about a reaction that takes only fractions of a second? 

a. The activation energy of both these reactions must be 
very low. 

b. The activation energy of both these reactions must be 
very hiph. 

c. The slow reaction must have a high activation energy, 
while the fast reaction must have a low activation 
energy. 

d. The slow reaction must have a low activation energy, 
while the fast reaction must have a hiph activation 
energy. 

What role do CECs play in the catalytic destruction 

of ozone? 

a. Ozone is destroyed upon binding to a CEFC molecule. 

b. CEFC molecules are not likely to play a sipnificant role 
in the catalytic destruction of ozone. 

c. CFC molecules activate chlorine atoms into their 
catalytic action. 


d. CEFC molecules migrate to the upper stratosphere 
where they generate chlorine atoms. 


ANSWERS TO CALCULATION CORNER 


MASSES OF REACTANTS AND PRODUCTS 


1. With an unlimited amount of O, available, 35.8 g of 
Fe,O, can be produced: 

1 ti ÌC nen Tre bà Ko) 

55.8 gFe 4molesFe 1 mole-FezOs 


= 35.8 8 FezOs 


(25.0 #F9( 


2. With an unlimited amount of Fe available, 83.2 g of 
Fe,O, can be produced: 


1 = ni 8 ni 
32.0 gO; 3 moles O; 1 mole-FezO› 


= 83.2 8 FezOs 


(25.0 gO)( 


3. The 25.0 g of Fe will require 10.8 g of Ò;: 


| 32gO; ) 
55.8 g Fe /\ 4 moles Fe /\ 1 moleO; 


(25.0 g'9( 


4. Erom the previous question we know that 25.0 g of Fe 
requires 10.8 g of Ò›. For this question, however, we 
were supplied with 25.0 g of O„„ which is much more 
than is needed. After the reaction is complete, there 
should be 25.0 g — 10.8 g = 14.2 g of O; remaining after 
the reaction is complete. 
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COonfextual ChemniStrV 


A .SPOLLIGHPE ON ISSUES LEACING OUH MOIDERN SOCIELY 


Mercury Emissions 


† all the metals in the periodic 
()= mercury, Hg (atomic 
number 80), ¡is the only 


one to exist as a liquid at ambient 
temperatures. Mercury is also volatile, 
which means that uncontained 
mercury atoms evaporate into the 
atmosphere. Today, the atmosphere 
carries a load of about 5000 tons 
of mercury. Of this amount, about 
2900 tons are from current human 
activities, such as the burning of 
coal, and 2100 tons appear to be 
from natural sources, such as out- 
gassing from the Earth's crust and 
oceans. Since the mid-19th century, 
however, humans have emitted an 
estimated 200,000 tons of mercury 
into the atmosphere, most of which 
has since subsided onto the land and 
into sea. lt is probable, therefore, that 
a large portion of the mercury emit- 
ted from “natural” sources is actually 
the re-emission of mercury originally 
put there by humans over the last 
150 years. 

Mercury is a poison to the nervous 
system. lts most dangerous form 
is that of the methyl mercury ion, 
CH;Hg”, which forms from elemental 
mercury within aquatic habitats. This 
form of mercury tends to bioaccumu- 
late, so that organisms higher up ¡n 
the marine food chain, such as pike, 
tuna, and swordfish, tend to have 
the highest levels. People who eat 
these fish regularly may be exposing 
themselves to high levels of mercury. 

Typical consequences of mercury 
poisoning include a loss of mental 
focus and personality changes. In 
babies and children, the damaging 
effects are more severe, because the 
mercury disrupts brain development. 
Pregnant or nursing mothers are 
advised to avoid_ mercury-tainted 
fish, because methy|l mercury passes 
through the placenta and into 
breast milk. 
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Because of a growing awareness of 
the dangers of mercury and because 
of imposed governmental regula- 
tions, over the past several decades, 
there has been a gradual phasing out 
of the use of mercury. This includes 
use in various commercial products, 
such as thermometers, and manu- 
facturing processes, most notably in 
the manufacture of another element, 
chlorine. As shown ¡in Table 2 how- 
ever, the most significant source of 
human produced atmospheric mer- 
cury is the combustion of coal, which 
has remained  largely unregulated. 

One facet of the 1970 Clean Air Act 
was the exemption of existing coal- 
burning power plants. lt wasn't until 
the Clean Air Act Amendments of 
1990 that Congress gave the EPA the 
power to create regulations that would 
force all coal-burning power plants 
to be fitted with _mercury-reducing 
mechanisms. The EPA was to provide 
these regulations by 1994, but for a 
number of political reasons, this never 
happened. A committee of state reg- 
ulators and pollution control experts 


TABLE 2 EPA Inventory of National 


Mercury Emission Rates* 


SOURCE OF MERCURY TONS/YEAR 


Nonpoint Sources 
Lamp Breakage 1E 
General Laboratory Use Hài 
Dental Preparations 0.7 

Combustion Sources 

51.ó 

Coal (commercial use) 20/7 

Gil ñIfl1 

29.6 

1ó.0 


Coal (electric utilities) 


Municipal Waste 
Medical Waste 


Manufacturing 
Chlorine li 
Portland Cement 4.8 


Pulp and Paper 1.9 
*Source: Keating, Martha, et.al. Mercury Study 
Report to Congress, Volume l: Executive Summary, 
Environmental Protection Agency December 1997 


was therefore convened to propose 
regulations. Their recommendations 
were put forth at the end of 2000 in a 
report that declared that U.S. mercury 
emissions could be reduced by up to 
90 percent by 2007 using currently 
available technology. Coal-burning 
utilities disagreed, as did the newly 
elected Bush administration, which 
disbanded the committee. 

Going back to the drawing board, 
the EPA took another two years to 
develop alternative regulations that 
called for a 34-ton cap (a 30 percent 
reduction) on the annual mercury out- 
put of coal utilities by 2007. This cap 
was set because it was achievable via 
regulations designed to curb other 
pollutants—no mercury-specific tech- 
nologies would be needed. The cap 
would then be gradually lowered to 
15 tons (a 70 percent reduction) by 
2018. State regulators and environ- 
mental groups, as well as the EPA 
oversight agency, the Office of the 
lInspector General, cited these regula- 
tions as too lenient and a violation of 
the 1990 Clean Air Act Amendmernt. 

To override the Clean Air Act and 
to legitimize the EPA* proposed 
regulations, the Bush administration 


and likemnded members of 
Congress introduced the Clear Skies 
Act of 2003, which adopted the 
EPA*s proposed mercury regulations. 
By March 2005, however, Congress 
remained deadlocked on approving 
this act. ln resbponse, the Bush admin- 
istration took the essential provisions 
of the Clear Skies Act and ordered the 
EPA to implement them through reg- 
ulations regardless of conflicts with 
the Clean Air Act. This resulted in the 
EPA-mandated Clean Air Rules, one 
of which was the Clean Air Mercury 
Rules (CAMR). Litigation culminated 
in the U.S. Supreme Courts decision 
in February 2009 upholding a lawsuit 
claiming these rules to be fundamen- 
tally flawed. The EPA was once again 
ordered back to the drawing board 
to come up with regulations more in 
line with the original Clean Air Act 
Amendment of 1990. 

This led to the Mercury and Air 
Toxics Standards, which the EPA 
released in December 2011 (www. 
epa.gov/mats). These regulations tar- 
get primarily coal-fired power plants. 
Interestingly, by the time these reg- 
ulations were released, about half 
of these power plants had already 
implemented the necessary air pol- 
lution control measures. But under 
these standards, less efficient older 
power plants are pressured to shut 
down and all the power plants are 
required to come into compliance by 
201ó. The EPA estimates that these 
regulations wilÌ prevent about 11,000 
premature deaths and 130,000 cases 
of childhood asthma each year. 

Meanwhile, a 2009 study by the 
U.S. Geological Survey showed that 
total mercury levels in North Pacific 
Ocean water have risen about 
30 percent over the last 20 years. 
The study forecasts another 50 per- 
cent increase by 2050. According to 
the study, this increase in mercury 
is attributable to increases in global 
mercury atmospheric emission rates, 
particularly from Asia. 

Besides the United States, other 
major contributors to mercury pol- 
lution ¡include China, India, and 
Russia, but all nations contribute 
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to some extent. Atmospheric mer- 
cury remains airborne for about a 
year, which allows ¡it to reach all 
regions of the planet. There are 
definitely “hot spots” that occur 
within 100 kilometers downwind of 
a coal-burning power plant, but on 
average, much of the mercury North 
Americans are exposed to origi- 
nated in Asia. Similarly, much of the 
mercury Europeans are exposedl to 
originated in North America. Asians 
get ¡it from Europe. All of us are 
exposed to mercury arising from 
our past. Atmospheric mercury is a 
global problem, as is human inertia 
when it comes to finding solutions. 


CONCEPTCHECK 
There are about 4.8 billion mercury 
atoms in each breath of air that 
enters your lungs. What is the source 
of most of these mercury atoms? 


CHECK YOUR ANSWER Almost all 
of these mercury atoms were put 
into the environment by recent or 
past human activities. Note that this 
number of mercury atoms is actually 
quite small comparedl to the number 
of other atoms in the air. The great- 
est threat arises when mercury in 
aquatic environments is transformed 
into the methyl mercury ions that 
bioaccumulate in the food chain. 


Think and Discuss 


1. A key argument for the Clear 
Skies Act of 2003 was that 
it was practical and took into 
consideration economic fac- 
tors. A key argument against 
this act was that it was less 
than ¡ideal. Ultimately, because 
it was less than ¡deal, the act 
was defeated, which furthered 
the delay of needed_ mercury 
emission regulations. Would 
you have voted for or against 
this act? Why? 


2. ls it reasonable and practical 
to regulate the sale of mer- 
cury? Consider that small-scale 
gold miners around the world 
use mercury to help them 
extract gold. Tens of thousands 
of remote gold-mining sites 
release an estimated 1000 tons 
of mercury each year. 


3. The cost of equipping coal- 
burning utilities with mercury- 
specific anti-pollution technolo- 
gies gets passed along to the 
consumer. The exemption for 
coal-burning utilities given by the 
1970 Clean Air Act Amendment 
has therefore saved consumers 
billions of dollars, which, in turn, 
has been of benefit to the econ- 
omy. ls this a good or bad  thing? 


323 


How Chemicals React 


Credlits 


Text and Photo Credits are listed ¡in order of 
appearance. 

Chapter Opener Getty Images; Pearson Education; 
4a Dearson Education; 4b Pearson Education; ác 
Pearson Education; 6a Creatas/AGE Fotostock; 6b 
MarKarrass/ Alamy; 8 NAS5A; 10 John Suchocki; 11 


Stuart Cupit; 19 Tony Campbell/Shutterstock; 23 
NASA; 24 Charles D. Winters/Photo Researchers, 
Inc.; 25 Felix Mizioznikov/Shutterstock; Pearson 
Education; MAC/Alamy;“Mercury and Air Toxics 
Standards“ U.S. Environmental Protection Agency; 
2011 


Solutions to Odd-Numbered Chapter Ouestions 


1. Coefficients are used to show the ratio in which reactants 
combine or form in a chemical reaction. 


3. A chemical equation must be balanced because the law of 
conservation o£ mass says that mass can be neither created nor 
destroyed. The same number of each atom must be on both 
sides of the equation. 


5. The relative mass of golf balls is greater than that of Ping- 
Pong balls; therefore, it would take more Ping-Pong balls to 
equal the same mass of golf balls. 


7. The formula mass of NO ¡s 30.006 amu. 
9. For water, 18 grams is 1 mole. 
11. One mole of water has 6.02 * 1023 water molecules. 


13. The amount of energy released when the bond is formed 
equals the amount of energy needed to break the bond, which 
1s 436 kJ. 


15. Energy is consumed by an endothermic reaction. 
17. The net entropy of the universe is always increasing. 


19. Reactants must collide in a certain orientation with enough 
energy to react. 


21. Assuming the reactant molecules are already mixed 
together, the first to react are those with sufficient kinetic 
energy and the proper orientation. 


23. Atomic chlorine is a catalyst for the destruction of ozone. 
25. A catalyst is unchanged by a chemical reaction. 


27. The energy of the lightning or electrostatic sparks passing 
through the air converts oxygen molecules into ozone 
molecules. This reaction is endothermic because it requires an 
input of energy. 


29. The balanced chemical equation is 2 H2O2O2 + 2 H2O. 
Bubbles of oxygen gas form upon the mixing of hydrogen 
peroxide and baker“s yeast. The fact that oxygen gas is formed 
can be demonstrated by inserting a glowing wood splint into 
the bubbles. The glowing splint will fiame up as soon as it 
makes contact with the oxygen. Students should be đirected to 
đo so only under careful supervision. 


31. (5.00 g goldđ)(1 mole gold/197 g gold) 
(6.021023 atoms/1 mole)1.531022 gold atoms 


33. The coefficients within this balanced equation tell us the 
ratio by which reactants react to form products. Accordingly, 
three moles of oxygen gas are produced for the reaction of 
every two moles of KC]IO3 solid. Do you also see that only 1.5 
moles of oxygen gas would be produced from the reaction of 1 
mole of KClIO3 solid? 
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35. Use the periodic table to find the masses of all the atoms 
within each molecule. Add these masses together and you 
come up with the given formula masses. se these masses to 
help answer the next question. 

37. For this reaction, is there enough oxygen to react with all 
of the methane? Is there enough methane to react with all of 
the oxygen? The surefire way to find out is to determine how 
much of one reactant is needed for all of the other reactant to 
be consumed. According to the following calculation, 16 ø of 
CH4, would require 64 g of O2: 


(16 g CH4)( mole CH4/16 g CH4)(2 moles O2/1 mole CH4) 
(32 g O2/1 mole O2) = 64 g O2 


But there is only 16 g of O2, which means not all of the CH4 
1s going to be able to react. How much of the CH4 will react? 
That can be calculated as follows: 


(16 g O2)(1 mole O2/32 g O2)(1 mole CH4/2 mole O2) 
(16 g CH4/1 mole CH4) = 4 g CH4 


The maximum amount of CO2 that can be formed is 
calculated as follows: 
(16 g O2)(1 mole O2/32 g O2)(1 mole CO2/2 mole O2) 
(44 g CO2/1 mole CO2) = 11 g CO2 
39. a. Energy to break bonds: 


Energy released from 


bond formation: 


NN 159 kJ 
NH 389 k 

NH 389 kJ HH 436 k] 
NH 389 kJ HH 436 k] 
NH 389 k NN 946 k 


Total = 1715 k] absorbed Total = 1818 k] released 
NET = 1715 kJ absorbed — 1818 released 

= —103 kịJ released (exothermic) 
from 


39. b. Energy to break bonds: Energy released 


bond formation: 


OO 138 k 
HO 464 kJ OO 498 k] 
HO 464 kJ HO 464 kJ 
OO 138 k HO 464 kJ 
HO 464 kJ OH 464 kJ 
HO 464 kJ OH 464 kJ 
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Total = 2132 k] absorbed Total = 2354 kJ released 
NET = 2132 kJ absorbed - 2354 k] released 
= -222 kỊ released (exothermic) 


41. C< A <B. The endothermic reaction, C, will likely take 
place more slowly than the exothermic reaction, A, because it 
requires a decrease in entropy. The fastest of these reactions 
will be B, which has no energy o£ activation. 


43. Contrary to popular opinion, the entropy of a deck of 
playing cards has nothing to do with whether it is being 
shuffled. Historically, there has been a misplaced association 
between entropy and disorder. But now you know better. 
Entropy has nothing to do with what our minds perceive as 
being orderly or disorderly. From the point of view of the 
molecules within the carđs, it makes no đifference whether the 
đeck is shuffled. Entropy ¡is merely a measure of the tendency 
of energy to disperse. The greater the difference between the 
temperature of the cards and the room, the greater the amount 
of energy that gets dispersed. Thus, in order of increasing 
entropy: C < A < B. Of course, a burning deck of cards (at 233°C, 
which ¡is 451°E) would result in an even greater dispersal of 
energy. 


45. (a) 2, 3, 1 (b) 1, 6, 4 (c) 2, 1, 2 (đ) 1, 2,1,2 


47. Only two diatomic molecules are represented (not three). 
These are the two shown in the left box, one of which ¡is also 
shown in the right box. Remember, the atoms before and after 
the arrow in a balanced chemical equation are the same atoms 
but in different arrangements. 


49. Equation d best describes the reacting chemicals. 
51. Fe2O3 + 3 CO 2 Fe + 3 CO2 
53. 
Step 1 (Balance Fe): 2 FeS2 + O2 Fe2O3 + SO2 
Step 2 (Balance S): 2 FeS2 + O2 Fe2O3 + 4 SO2 


Step 3 (se a fraction to balance ©): 2 Fe52 + 11/2 O2 Fe2O3 
+45O2 


Step 4 (Multiply entire equation by 2): 2(2 FeS2 + 11/2 O2 
Fe2O3 + 4 SO2) 


Step 5 (Equation balanced): 4 FeS2 + 11 O2 2 Fe2O3 + 8 SO2 


55. (a) There is 1 mole of N2 in 28 grams of N2. (b) There is 
1 mole of O2 in 32 grams of ©2. (c) There are 2 moles of CH4 in 
32 grams of CH4. (d) There is 1 mole of F2 in 38 grams of F2. 


57. A single water molecule has a very small mass of 18 amu. 


59. No, because this mass is less than that of a single 
oxygen atom. 


61. There are 69.7 g of gallium, Ga (atomic mass 69.7 amu), in a 
145 g sample of gallium arsenide, GaAs. Note that 145 g is the 
formula mass for this compound. 


63. As the carbon-based fuel combusts, it gains mass as it 
combines with the oxygen from the atmosphere to form carbon 
đioxide, CO2, which comes out in the exhaust. 


65. The chemical reactions within a disposable battery are 
exothermic, as evidenced by the electric energy they release. 


67. The superheated chamber dampens the ability of the 
energy from the reaction to be dispersed. This, in turn, makes 
the reaction less favorable. This is one reason chemists carry 
out most of their exothermic reactions in a cooled environment, 
such as within a reaction vessel submerged ¡in an ice bath. 
Another reason is for safety—they donft want the reaction 
vessel to explode! 


69. The entropy change determines whether the chemical 
reaction is favorable. If there is an overall increase in entropy, 
then the reaction will be favorable, which means the reaction 
can proceed on its own. Ilf there is an overall decrease in 
entropy, then the reaction will only proceed with the help of 
a continual source of energy, which will necessarily be coming 
from some entropy-increasing process such as the combustion 
of a fuel. 


71. The solar energy is more readily dispersed by the water 
molecules in the gaseous phase. 


73. A chemical reaction may be favored and proceed on ifs 
own, but often an energy of activation must be overcome first. 
The flammable red chemicals found at the tip of a match are 
ready to ignite, but they too need the input of a little energy 
to overcome their energy of activation. You are providing this 
when you strike the match against the proper surface. The 
heat from these burning chemicals then boosts the cellulose 
molecules in the matchstick to start reacting with the oxygen 
in the atmosphere. Once a small flame ¡is formed, bigger 
flames can form. In other words, once initiated, the burning 
perpetually kick-starts itself and is thus sustainable. Good 
news for a campfire. Not so good news for an out-of-control 
brush or forest fire. 


75. Endothermic reactions require the input of energy, 
which can include the input of thermal energy. This gives 
the molecules greater kinetic energy, which can help their 
collisions be more effective. The elevated temperature also 
helps to minimize the unfavorable decrease in entropy 
due to the heat absorbed by the reaction. Some exothermic 
reactions are so exothermic that they explode if not run at cold 
temperatures. The cold temperatures slow down the reactive 
molecules, which gives the chemist greater control. Also, the 
heat generated by the reaction is more efficiently dispersed 
under the colder conditions. This allows for a greater increase 
in entropy, which helps with the formation of products. 


77. In pure oxygen, there is a greater concentration of one ofthe 
reactants (the oxygen) for the chemical reaction (combustion). 
As điscussed in this chapter, the greater the concentration of 
reactants, the greater the rate of the reaction. 


79. Photosynthesis produces oxygen, O2, which migrates 
from the Earth“s surface to high in the stratosphere, where it 
1s converted by the energy of ultraviolet light into ozone, O3. 
Plants and all other organisms living on the planetfs surface 
benefit from this ozone because of its ability to shade the 
planets surface from ultraviolet light. 


81. Hydrogen chloride, HCI, does not stay in the atmosphere 
for extended periods of time because ¡it ¡is quite soluble in 
water, as can be deduced from its polarity. Thus, atmospheric 
hydrogen chloride mixes with atmospheric moisture and 
precipitates with the rain. 
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83. A timekeeping device, such as a clock, requires a source of 
energy to keep it running. Thỉs energy comes from exothermic 
reactions that occur because of a net increase in universal 
entropy. This is true whether the clock is plugged in to a power 
outlet, runs off a battery, or has solar photovoltaic cells. Even 
a sundial depends on the light energy coming from the Sun. A 
living body can also be a timekeeping device (heartbeats and 
mental counting, for example), but of course, the living body 
also requires energy that must come from some net increase 
in universal entropy. The concepts of time and entropy are 
intricately connected. 


85. The cause of the current mass extinction ¡s the destruction 
of habitats brought on by the exponential rise of the human 


326 


population. According to some projections, about 20 percent of 
all plant and animal species on the Earth will be extinct within 
the next 25 years. Ôn a geologic time scale, this is faster than 
the blink of an eye. The creatures that do survive wiÏÏ thrive off 
the waste of humans or off those creatures that dont compete 
with humans directly or indirectly. Of course, there is also the 
dark possibility that we humans, like proliferating rabbits on 
an isolated ¡sland, will face extinction due to a depletion of 
resources. In the words of Harvard biologist E. O. Wilson, “If 
all mankind were to disappear, the world would regenerate 
back to the rích state of equilibrium that existed 10 thousand 
years ago. lf insects were to vanish, the environment would 
collapse into chaos.“ 


AcIds and 
Bases In Our 
EnVIFOI®MCHẨ 


From Chapter 10 of Cơnceptual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^- The carbon dioxide from ancient atmospheres is 
captured within limestone sediments, such as those of 
the White Cliffs of Dover. 


1 Acids Donate Protons and Bases 
Accept Them 


2 Some Acids and Bases Are 
Stronger than Others 


3 Solutions Can Be Acidic, Basic, 
or Neutral 

4 Buffer Solutions Resist Changes 
In pH 

5 Rainwater ls Acidic 

ó Carbon Dioxide Acidifies 
the Oceans 
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AcIds and 
Bases In Our 
EnDVIFOIMCHNẨ 


THE MAIN IDEA 


Acids donate protons and bases accept them. 


s rainwater falls, it absorbs atmospheric carbon 
A se ©nce ïn the rainwater, the carbon 

đioxide reacts to form carbonic acid, H;CO+, 
which, as we discuss in this chapter, makes rainwater 
naturally acidic. The acidic raïin falls into the oceans, 
which happen to be basic because of the many alkaline 
minerals they contain. The carbonic acid of the rain reacts 
with the bases of the oceans to form salts, such as calcium 
carbonate, CaCOs. The consquence is the removal of 
massive amounts of atmospheric carbon dioxide, which 
is a notable greenhouse gas. Furthermore, the calcium 
carbonate in the oceans is taken up by countless marine 
Organisms that use this compound to form their protective 
shells. Upon death, the bulk of these creatures sink to 
the ocean floor, where over millions of years, their shells 
transform into a hardened rock known as limestone. 
Through geologic processes, ocean floors can be lifted to 
become parts of continents. The rock beneath the Great 
Plains of the Dnited States, for example, is made of an 
ancient limestone sea floor, as are the impressive White 
CHiffs of Dover, shown on this page. These rocks are full of 
the calcium carbonate fossils of the ancient sea creatures, 
who, quite literally, are made from the atmospheres of the 
Earth“s ancient past. 
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allow to cool. 


2. Add the cooled blue broth to 
at least three clear cups so that 
each cup is less than half-filled or 
to three white porcelain bowls. 


3. Add a teaspoon of white vinegar 
to one cup and  a teaspoon of 
baking soda to a secondl cup. 
Watch for color changes. Add 
nothing to the third cụp so that 
it remains blue. 


Rainbow Cabbage 


The pH of a solution can be 
approximated with a pH indica- 
tor, which is any chemical whose 
color changes with pH. Many pH 
indicators are Tê lỰP plants; the 
pigment of red cabbage is a good 
example. This pigment is red at 
low pH values (acidic), light purple 
at slightly Nà. pH values, it 
at neutral pH values, light green 
at moderately alkaline pH values, 
and dark green at very alkaline pH 
values. 


ANALYZE AND CONCLUDE 


1. What color changes do you see? 
What color is the red cabbage 
before being boiled? Are the 
juices within red cabbage more 
or less acidic than vinegar? 

2. What would happen to the 


PROCEDURE 


1. Boil shredded red cabbage in 
water for about 5 minutes. Strain 
the broth from the cabbage and 


+1 Acids Donate Protons and Bases Accept Them 


EXPLAIN THIS 
Why are many pharmaceuticals treated with hydrogen chloride? 


The term ac74 comes from the Latin ac7äs, which means “sour.” The sour taste 
of vinegar and citrus fruits is due to the presence of acids. Acids are essential in 
the chemical industry. For example, more than 40 million tons of sulfuric acid 1s 
produced annually in the United States, making this the number-one manufac- 
tured chemical. Sulfuric acid is used to make fertilizers, detergents, paint dyes, 
plastics, pharmaceuticals, and storage batteries, as well as to produce iron and 
steel. It is so important in the manufacturing of goods that its production is 
considered a standard measure of a nation“s industrial strength. Figure 1 shows 
only a few of the acids we commonly encounter. 

Bases are characterized by their bitter taste and slippery feel. Interestingly, bases 
themselves are not slippery. Rather, they cause skin oils to transform into slippery 
solutions of soap. Most commercial preparations for unclogging drains contain 
sodium hydroxide, NaOH (also known as lye), which is extremely basic and haz- 
ardous when concentrated. Bases are also heavily used in industry. Each year in the 
Dnited States, about 10 million tons of sodium hydroxide is manufactured for use in 
the production of various chemicals and in the pulp and paper industry. Solutions 
containing bases are often called alksl7me, a term derived from the Arabic al-gali 
(“the ashes“”). Ashes are slippery when wet because of the presence of bases such as 
potassium carbonate, KaCOa. Figure 2 shows sơme familiar bases. 


The Brønsted-Lowry Definition Focuses on Protons 


Acids and bases may be defined in several ways. For our purposes, an appro- 
priate definition is the one suggested in 1923 by the Danish chemist Johannes 
Brønsted (1879-1947) and the English chemist Thomas Lowry (1874-1936). 
In the Brønsted-Lowry definition, an acid is any chemical that donates hydro- 
gen ions, H”, and a base is any chemical that accepts hydrogen ions. Recall that 


baking soda solution if you 

were to slowly add vinegar to it? 
What color would you get if a 
teaspoon of concentrated broth 
were added to a glass of water? 


LEARNING OBJECTIVE 


ldentify when a chemical behaves 
as an acid or a base. 


_Ô, Ẩn. 


What is the Brønsted-Lowry definition 
of an acid and a base? 
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^ Figure † 


Examples of acids. (a) Citrus fruits contain 


many types of acids, including ascor- 
bic acid, C¿HạO¿, which is vitamin C. 
(b) Vinegar contains acetic acid, CaHaOa, 
and can be used to preserve foods. 

(c) Many toilet bowl cleaners are 
formulated with hydrochloric acid, HCI. 
(d) All carbonated beverages contain 
carbonic acid, HạCOz, while many also 
contain phosphoric acid, HạPO¿a. 


w Figure 2 

Examples of bases. (a) Reactions involv- 
ing sodium bicarbonate, NaHCOz, cause 
baked goods to rise. (b) Ashes contain 
potassium carbonate, KaCOa. (c) Soap is 
made by reacting bases with animal or 
vegetable oils. The soap itself, then, is 
slightly alkaline. (d) Powerful bases, such 
as sodium hydroxide, NaOH, are used in 
drain cleaners. 


Acids and Bases in Our Environment 


CLASSIC DỊLL TASTE 


®,g 


a hydrogen atom consists of one electron surrounding a one-proton nucleus. 
A hydrogen ion, HÌ, formed by the loss of an electron, therefore, is nothing 
more than a lone proton. Thus, it is also sometimes said that an acid is a chemical 
that donates a proton and a base is a chemical that accepts a proton. 


Heres a 8AAD acronym for 
remembering how ocids and 
bases handle pro†ons: 

Bases Accep†, Acids Donate. 


L2 9 Xe) 


Proton Proton 
donor acceptor 
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+ 
H:O 


Space-filling model 
of hydronium ion 


Electron-dot structure 
of hydronium ion 


Total protons 11+ 
Total electrons 10— 


Net charge 1+ 


Consider what happens when hydrogen chloride is mixed into water: 


= ~ 

- 
@/ 3® @ 4 
HCl + HạO —> Cl + HạO+ 


H” donor 
(acid) 


M acceptor 
(base) 


Hydrogen chloride donates a hydrogen ion to one of the nonbonding electron 
pairs on a water molecule, resulting in a third hydrogen bonded to the oxygen. 
In this case, hydrogen chloride behaves as an acid (proton donor) and water 
behaves as a base (proton acceptor). The products of this reacHon are a chỈo- 
ride ion and a hydronium ion, HạO”, which, as Figure 3 shows, is made by 
adding a proton (hydrogen ion) to a water molecule. 

'When added to water, ammonia behaves as a base, as its nonbonding elec- 
trons accept a hydrogen ion from water, which, in this case, behaves as an acid: 


$4 2 S 


HỶ donor 
(acid) 


H* acceptor 
(base) 


Thịs reacton results in the formation of an ammonium ion and a hydroxide ion, 
which, as shown in Figure 4, is made by removing a proton (hydrogen ion) 
from a water molecule. 

An important aspect of the Brønsted-Lowry definition is that it uses a 
behauior to define a substance as an acid or a base. We say, for example, that 
hydrogen chloride behzues as an acid when mixed with water, which Deh0es as 
a base. 5imilarly, ammonia Pehzøes as a base when mixed with water, which, 
under this circumstance, behzøes as an acid. Because labeling as an acid or 
a base depends on behavior, there is really no contradicion when a chemi- 
cal such as water behaves as a base in one instance but as an acid in another 


4 Figure 3 

The hydronium ion's positive charge is a 
consequence of the extra proton this mol- 
ecule has acquired. Hydronium ions, which 
play a role in many acid-base reactions, are 
polyatomic ions, which are molecules that 
carry a net electric charge. 


Recall †ha† a hydrogen ion wi†h a posifive 
charqe is simply a lone pro†on. These models 
Tm holding, of course, are no† †o scale 
becquse an a†om' nucleus is many †imes 
smoller †han †he size of †he a†om. 


Posifive hydrogen 
ion (lone pro†on) 


Hydrogen 
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) Figure 4 

Hydroxide ions have a net negative charge, 
which is a consequence of having lost a 
proton. Like hydronium ions, they play a 
part in many acid-base reactions. 
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')—— 
Electron dot structure Space-filling model 
of hydroxide ion of hydroxide ion 


Totalprotons 9+ 
Total electrons 10— 


Net charge 1= 


instance. By analogy, consider yourself. You are who you are, but your behavior 
changes depending on whom you are with. Likewise, it is a chemical property 
of water to behave as a base (to accept H”) when mixed with hydrogen chloride 
and as an acid (to donate H”) when mixed with ammonia. 

The products of an acid-base reaction can also behave as acids or as bases. 
An ammonium ion, for example, may donate a hydrogen ion back to a hydroxide 
1on to re-form ammonia and water: 


Ũ 
® $ 9 S 
HạO † NH¿; — OH- † NH¿† 


Hacceptor H”donor 
(base) (acid) 


Forward and reverse acid-base reactions proceed simultaneously and can therefore 
be represented as occurring at the same time by using two oppositely facing arrows: 


= + 
® S 9S 
HO + NH; —> OH- + NH¿ 


H”donor H”acceptor Hacceptor H”donor 
(acid) (base) (base) (acid) 


'When the equation is viewed from left to right, the ammonia behaves as a base, 
because it accepts a hydrogen ion from the water, which therefore acts as an 
acid. Viewed in the reverse direction, the equation shows that the ammonium 
1on behaves as an acid, because it donates a hydrogen ion to the hydroxide 1on, 
which therefore behaves as a base. 


CC NG EctrIDCHRECKR 


ldentify the behavior as an acid or a base of each participant in the reaction 
HạPO,_ + HạO' >H;PO¿ + HạO 


CHECK YOUR ANSWER In the forward reaction (left to right), HạPOx_ gains a 
hydrogen ion to become HạPO¿. In accepting the hydrogen ion, HạPO¿ ¡s behaving 
as a base. lt gets the hydrogen ion from the HạO”, which is behaving as an acid. In the 
reverse direction, HạPO¿a loses a hydrogen ion to become HạPOx_ and is thus behaving 
as an acid. The recipient of the hydrogen ion ¡is the H;ạO, which ¡is behaving as a base 
as it transforms to HạO”. 
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The Lewis Definition Focuses on Lone Pairs 


The Brønsted-Lowry definition of acids and bases is restricted to molecules that 
can donate or accept protons. A more general definition of acids and bases was 
proposed ¡in the 1930s by Gilbert Lewis, the same chemist who introduced the 
idea of shells to explain the organization of the periodic table as well as chemical 
bonding. According to the Lewis definition, a molecule behaves as a base when 
it donates a lone pair of electrons. Conversely, a molecule behaves as an acid 
when it accepts a lone païr. So while the Brønsted-Lowry definition focuses on 
the action of a proton, the Lewis definition focuses on the acton of a lone pair. 
Looking back to the previous examples of bases, we see that a lone pair of 
each of these bases is being donated to a positively charged proton, as illus- 
trated here. Note how the curved arrows indicate the movement of electrons: 


New bond formed 


«<° ° H 
‹ .. 
HA Tả › H~$ CÍP 
ồ 


| 
+ —= 

H li: H 
Bond breaking 


In this case, the water is behaving as a base, because ifs lone pair seeks out a 
positive charge (the proton), while the hydrochloric acid, HCIL, behaves as an 
acid, because it accepts the lone païr. 

Consider the formation of carbonic acid from water and carbon dioxide, as 


shown here: 
_ ©) 
: ọ? Ì _ 
H © 
lÍ - Ji. =, bo di 2a 
H <QO ồ H 


Carbonic acid 


This reacton starts as a typical dipole-induced dipole attraction between the 
oxygen of the water and the carbon of the carbon dioxide. As the carbon accepts 
electrons from the lone pair of the water, however, it begins to lose electrons to 
one of its two adjacent oxygen atoms. This permits the formation of a covalent 
bond between the water and the carbon dioxide, which then become a larger 
molecule (shown in brackets) with both a positive and negative charge. This 
molecule exists only briefly before transforming into the more stable non- 
charged product, carboric acid, which, as we described at the beginning of this 
chapter, is responsible for the natural acidity of rainwater. 


CON CEPTCHE€GCK 


How is ít possible for carbon dioxide, CO, to behave as an acid when it 
has no hydrogen ions to donate? 


CHECK YOUR ANSWER Carbon dioxide behaves as an acid when it accepts the 
lone pair on the oxygen atom of a water molecule. 
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A Salt ls the lonic Product of an Acid-Base Reaction 


In everyday language, the word salf implies sodium chloride, NaC]l, table salt. 
In the language of chemistry, however, a salt is an ionic compound commonly 
formed from the reaction between an acid and a base. Hydrogen chloride and 
sodium hydroxide, for example, react to produce the salt sodium chloride 


and water: 
HCI + NaOH — NaCl + HạO 
Hydrogen Sodium Sodium Water 
chloride hydroxide chloride 
(acid) (base) (salt) 


Similarly, the reaction between hydrogen chloride and potassium hydroxide 
yields the salt potassium chloride and water: 


HCI + KOH —> KCI +_ HạO 
Hydrogen Potassium Potassium Water 
^ Figure 5 chloride hydroxide chloride 
“Lite” table salt substitutes contain potas- h 
acid base salt 
sium chloride in place of sodium chloride. ) ) bu) 
Caution is advised in using these products, . . . ¬ . x. . 
however, because excessive quantities Potassium chloride is the main ingredient in “hte” table salt, as noted ¡in 
of potassium salts can lead to serious Figure 5. 
illhess. Furthermore, sodium ions are a vital Salts are generally far less corrosive than the acids and bases from which 


componernt of our diet and should never 
be totally excluded. For a good balance of 
these two important ions, you might inquire 


they are formed. A corrosive chemical has the power to disintegrate a material 
Or wear away ifs surface. Hydrogen chloride is a remarkably corrosive acid, 


about commercially available half-and-half which makes it useful for cleaning toilet bowls and etching metal surfaces. 
mixtures of sodium chloride and potassium Sodium hydroxide is a very corrosive base used for unclogging drains. Mixing 
chloride, such as the one shown here. hydrogen chloride and sodium hydroxide together in equal portions, however, 


produces an aqueous solution of sodium chloride—saltwater, which is not 
nearly as destructive as either starting material. 

There are as many salts as there are acids and bases. Sodium cyanide, NaCN, 
is a deadly poison. “Saltpeter,“ which ¡is potassium nitrate, KNO¿, is useful as 
a fertilizer and in the formulation of gunpowder. Calcium chloride, CaC]¿, is 
commonly used to de-ice walkways, and sodium fluoride, NaE, helps to prevent 
tooth decay. The acid-base reactions forming these salts are shown in Table 1. 

The reaction between an acid and a base is called neutralization. ÀAs can be 
seen in the color-coding of the neutralization reactions in Table 1, the positive 
1on of a salt comes from the base and the negative ion comes from the acid. The 
remaining hydrogen and hydroxide ions joïn to form water. 

Not all neutralization reactions result in the formation of water. In the pres- 
ence of hydrogen chloride, for example, the drug pseudoephedrine behaves 
as a base by accepting H” from the hydrogen chloride. The negative Cl” ions 
then join the pseudoephedrine-H” ions to form the salt pseudoephedrine 
hydrochloride, which is a common nasal decongestant, shown in Figure ó. 


TABLE 1 Acid-Base Reactions and the Salts Formed 
ACID BASE SALT 
HCN NaOH NaCN 
Hydrogen cyanide Sodium hydroxide Sodium cyanide 
HNOs KOH KNOs 
Nitric acid Potassium hydroxide Potassium nitrate 
2 HCI Ca(OH); CaCl; 
Hydrogen chloride Calcium hydroxide Calcium chloride 
HƑ NaOH NaF 


Hydrogen fluoride Sodium hydroxide Calcium fluoride 
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pin H—NÑNZ CH; H-#M.Z CHạ 
chloride 

ĐCRĐ H s CHy _, H Lư CH; 

xế xế 

H \ H 

OH OH 

Pseudoephedrine Pseudoephedrine hydrochloride 
(base) (salt) 


Because it is a salt, psedoephedrine hydrochloride is mụch more water soluble 
than is the pseudoephedrine base, sometimes called the ƒree base because it is 
“free” from ions. Because pseudoephedrine hydrochloride is water soluble, 
it is readily absorbed throuph the digestive system, which means it can be 
taken orally. 


CONGC EPTCEHECKRK 


ls a neutralization reaction best described as a physical change or a 
chemical change? 


CHECK YOUR ANSWER New chemicals are formed during a neutralization 
reaction, meaning the reaction is a chemical change. 


2 Some Acids and Bases Are Stronger than Others 


EXPLAIN THIS 
Why is hydrogen chloride, HCI, such a strong acid? 


In general, the stronger an acid, the more readily it donates hydrogen ions. 
Likewise, the stronger a base, the more readily it accepts hydrogen ions. An 
example of a strong acid is hydrogen chloride, HC], and an example of a strong 
base ¡is sodium hydroxide, NaOH. The corrosiveness of these materials is a 
result of their strength. 

One way to assess the strength of an acid or a base is to measure how much 
Of it remains after it has been added to water. If little remains, the acid or base 
1s strong. lf a lot remains, the acid or base is weak. To illustrate this concept, 
consider what happens when the strong acid hydrogen chloride, HC], ¡s added 
to water and what happens when the weak acid acetic acid, C;H¿O; (the active 
ingredient of vinegar), is added to water. 

Being an acid, hydrogen chloride donates hydrogen ions to water, forming 
chloride ions and hydronium ions. Because HC] is such a strong acid, all of it is 
converted to these ions, as shown in Figure 7. 

Because acetic acid is a weak acid, it has much less of a tendency to donate 
hydrogen Ions to water. When this acid is dissolved in water, only a small por- 
tion of the acetic acid molecules are converted to ions, a process that OCCurs as 
the polar O—H bonds are broken. (The C—H bonds of acetic acid are unaffected 
by the water because of their nonpolarity.) The majority of acetic acid molecules 
remain intact in their original un-ionized form, as shown in Figure 8. 

Figures Z7 and 8 show the submicroscopic behavior of strong and weak 
acids in water. Because molecules and ions are too small to see, how, then, 
does a chemist measure the strength of an acid? One way is by measuring a 


4 Figure ó 

Hydrogen chloride and pseudoephedrine 
react to form the salt pseudoephedrine 
hydrochloride, which, because of its 
solubility in water, is readily absorbed into 
the body. Most pharmaceuticals that can 
be taken orally are bases that have been 
converted to a salt form. 


LEARNING OBJECTIVE 
Describe how the strength of an 


acid or a base affects the number 
of ions ïn solution. 


¬-...a 


What is one way to assess the strength 
of an acid? 
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^ Figure 7 

lnmediately after gaseous hydrogen chloride 
is added to water, it reacts with the water to 

form hydronium ions and chloride ions. That 

very little HCl remains (none shown here) lets 
us know that HCl acts as a strong acid. 


FOR YOUR 


3 INFORMATION 


Aspirin is an acidic molecule, but not 
nearly as acidic as the hydrochloric 
acid, HCI, found in your stomach and 
used to digest food. So how is it that 
aspirin can cause damage to your 
stomach? Stomach acid is so strong 
that within this environment, aspirin 
is unable to donate its hydrogen ion, 
which means that it remains “un- 
ionized.” This un-ionized aspirin is 
nonpolar and water insoluble, which 
helps it to penetrate through the 
largely nonpolar mucous membrane 
that lines the stomach. After 

passing through this membrane, 

the aspirin finds itself in a less acidic 
environment, where it can finally 
donate its hydrogen ion. This lowers 
the pH of the submucous inner wall 
of the stomach, which can damage 
the tissues and even cause bleeding. 
The remedyy, of course, is to swallow 
specially coated aspirin tablets, which 
delay the release of the aspirin until 
after it passes through the stomach. 
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>> = + 
9 9 
HỚI + Huy (CÌ + HaỢT 


Hydrogen Water 
chloride ion ion 
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C;H¿O; + HO <—=> C;HaO;-ˆ + HạO” 


Chloride  Hydronium Acetic acid Water 


Acetate ion Hydronium ion 


^ Figure 8 

When liquid acetic acid is added to water, only a 
few acetic acid molecules react with water to form 
ions. The majority of the acetic acid molecules 
remain in their un-ionized form, which implies that 
acetic acid is a weak acid. 


solution“s ability to conduct an electric current, as Figure 9 illustrates. In pure 
water, there are practically no ions to conduct electricity. When a strong acid is 
dissolved in water, many ions are generated, as indicated within the circle of 
Figure 7. The presence of these ions allows the flow of a strong electric current. 
A weak acid đdissolved in water generates only a few ions, as indicated within 
the circle of Eigure 8. The presence of fewer ions means there can be only a 
weak electric current. 

This same trend is seen with strong and weak bases. Strong bases, for 
example, tend to accept hydrogen ions more readily than weak bases. In solu- 
tion, a strong base allows the flow of a strong electric current and a weak base 
allows the flow of a weak electric current. 


CONCEPTCHECGKE 


According to the aqueous solutions illustrated here, which ¡is the stronger 
base, NHs or NaOH? 


NH; lên 
OH 
Na* 


NH¿` 


Aqueous solution ofNH; _ Aqueous solution of NaOH 


CHECK YOUR ANSWER The solution on the right contains the greater number 
of ions, meaning sodium hydroxide, NaOH, ¡s the stronger base. Ammonia, NHạ, is the 
weaker base, indicated by the relatively few ions in the solution on the left. 
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^ Figure 9 

(a) The pure water in this circuit does not allow the bulb to light because the water contains 
practically no ions. The lightbulb in the circuit therefore remains unlit. (b) Because HCI is a 
strong acid, nearly all of its molecules break apart in water, yielding a high concentration of 
ions, which are able to conduct an electric current that lights the bulb. (c) Acetic acid, C;H„O;, 
is a weak acid; in water, only a small portion of its molecules break up into ions. Because fewer 
ions are generated, only a weak current exists, and the bulb ¡is therefore dimmer. 


Just because an acid or a base is strong doesn”t mean a solution of that acid 
Or base 1s corrosive. A øer dilute solution of a strong acid or a strong base may 
have little corrosive acton because in such solutions, there are only a few hydro- 
nium or hydroxide ions. Almost all the molecules of the strong acid or base break 
up into ions, but because the solution is dilute, there are only a few acid or base 
molecules to begin with. As a result, there are only a few hydronium or hydrox- 
ide ions. You shouldn/t be too alarmed, therefore, when you discover that some 
toothpastes are formulated with small amounts of sodium hydroxide, one of the 
strongest bases known. The concentration of sodium hydroxide in these products 
1s quite small. 

©n the other hand, a concentrated solution ofa weak acid, such as the acetic 
acid in vinegar, may be Just as cOrrosive as or even more corrosive than a dilute 
solution of a strong acid, such as hydrogen chloride. The relative strengths of 
two aciđs in solution or two bases in solution, therefore, can be compared only 
when the two solutions have the same concentration. 


3 Solutions Can Be Acidic, Basic, or Neutral 


EXPLAIN THIS 
Why can”t water be absolutely pure? 


A substance whose ability to behave as an acid is about the same as its ability to 
behave as a base is said to be amphoteric. Water is a good example. Because it 
1s amphoteric, water has the ability to react with itself. In behaving as an acid, a 
water molecule donates a hydrogen ion to a neighboring water molecule, which, in 
accepting the hydrogen ion, is behaving as a base. This reaction produces a hydrox- 
ide ion and a hydronium ion, which react together to reform the water molecule: 


ế e se 2 
HO + HO => OH- + HO” 
Water 


Water Hydroxide Hydronium 


lon Ion 


FORYOUR 


3 INFORMATION 


What makes one acid strong and 
another weak? One factor involves 
the stability of the negative ion that 
remains after the proton has been 
donated. Hydrogen chloride is a 
strong acid because the chloride ion 
is able to accommodate the negative 
charge rather well. Acetic acid, 
however, is a weaker acid because the 
resulting oxygen ion is less able to 
accommodate the negative charge. 


LEARNING OBJECTIVE 
Calculate the pH of a solution 


given the hydronium-ion 
concentration. 
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CHEMICAL 
CONNECTIONS 


How is a piece of paper 
connected to a rock at the 
bottom of the ocean? 


FORYOUR 


3 INFORMATICON 


The outer surface of hair is made of 
microscopic scale-like structures callec 
cuticles that, like window shutters, 

are able to open and close. Alkaline 
solutions cause the cuticles to open up, 
which makes the hair “porous.” Acidic 
solutions cause the cuticles to close 
down, which makes the hair “resistant.” 
A beautician can control how long hair 
retains artificial coloring by modifying 
the pH of the hair-coloring solution. 
With an acidic solution, the cuticles 
close shut so that the dye binds only to 
the outside of each shaft of hair. This 
results in a temporary hair coloring, 
which may come off with the next hair 
washing. Using an alkaline solution 
permits the dye to penetrate through 
the cuticles into the hair for a more 
permanent effect. 
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When a water molecule gains a hydrogen ion, a second water molecule 
must lose a hydrogen ion. 5o for every one hydronium ion formed, one 
hydroxide ion also forms. In pure water, therefore, the total number of 
hydronium ions must be the same as the total number of hydroxide Ions. 
Experiments reveal that the concentration of hydronium and hydroxide ions 
in pure water is extremely low—about 0.00000010 MI for each, where MĨ stands 
for molarity, or moles per liter. Water by itself, therefore, is a very weak acid 
as welÏ as a very weak base, as evidenced by the unlit lightbulb in Figure 9a. 


CC DỤC ErÐ 6© HE5CK 


Do water molecules react with one another? 


CHECK YOUR ANSWER Yes, but not to any large extent. When they do react, 
they form hydronium and  hydroxide ions. (Note: make sure you understand this point, 
because it serves as a basis for most of the rest of the chapter.) 


Further experiments reveal an interesting rule pertaining to the concentra- 
tions of hydronium and hydroxide ions in any solution that contains water. The 
concentration of hydronium ions in any aqueous solution multiplied by the 
concentration of the hydroxide ions in the solution always equals the constant 
K„„ which is a very, very small number: 


concentration HạO” x concentration OH=K,„= 0.000000000000010 


Concentration is usually given as molarity, which is indicated by abbreviating this 
equation using brackets: 


[HzO”] x [OH”]= K„=0.000000000000010 


The brackets mean this equation is read “the molarity of HạO” times the 
molarity o£ OH equals K„.” Writing in scientific notation, we have 


[H:O']lOHTT=K„=10 x 107® 
For pure water, the value of K„ is the concentraton of hydronium 


ions, 0.00000010 M, multiplied by the concentraton of hydroxide ions, 
0.00000010 AI, which can be written in scientific notation as 


fix 10 T010 ]SE,=1l0x10"”®2 


The constant value of K,„ is quite significant because it means that 70 1raffer 
tuhat 1s dissolued ïn the tuater, the product of the hydronium-ion and hydroxide- 
ion concentrations always equals 1.0 x 10'*. So if the concentration of HạO” 
goes up, the concentration of OH_ must go down, and the product of the two 
remains 1.0 < 1014, 


€ONCGEPTCHESGK 


1.In pure water, the hydroxide-ion concentration is 1.0 < 10 ”M. What is the 
hydronium-ion concentration? 


2. What is the concentration of hydronium ions in a solution if the concentration of 
hydroxide ions is 1.0 x 103 M? 


CHECK YOUR ANSWERS 
1. 1.0 x 107M, because in pure water, [HạO”] = [OH”]. 
2. 1.0 x 10-1! M, because [HạO*]OH] must equal 1.0 < 1014 = K 
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pH 
basic bó, + _ 
In a neutral solution [H,O `] [OH ] 
IH,O”] “I6ii-Ï neutral 7 
acidic 0 
pH 
`. 1 [OH ] 
In an acidic solution BÀI : [H O*] 
neutra 
[HạOT] > ton" ẤP" : 
acidic 0 
pH 
. IHạO'] 
In a basic solution psle 
IH,o*]< [OH' ] D9 tại . [OH ] 
acidic 0 


Any solution containing an equal number of hydronium and hydroxide 
lons 1s said to be neutral. Pure water is an example of a neutral solution—not 
because it contains so few hydronium or hydroxide ions, but because it con- 
tains equal numbers of these ions. A neutral solution is also obtained when 
equal quantities of acid and base are combined, which explains why acids and 
bases are said to 0eufralize each other. 

The balance of hydronium and hydroxide ions in a neutral solution is upset 
by adding either an acid or a base. Add an acid and the water will react with 
that acid to produce more hydronium ions. Many of these additional hydro- 
nium ions neutralize hydroxide ions, which then become fewer. The final result 
1s that the hydronium-ion concentration 1s preater than the hydroxide-ion con- 
centration. Such a solution is said to be acidic. 

Add a base to water and the reverse happens. The water will react with 
that base to produce more hydroxide ions. Many of these additional hydroxide 
ions will neutralize hydronium ions, which then become fewer. The final result 
is that the hydronium-ion concentration ¡s less than the hydroxide-ion con- 
centration. Such a solution is said to be basic, or sometimes äÍkalne. This is all 
summarized in Figure 10. 


CO NCEPTCHES€GKE 


How does adding ammonia, NHa, to water make a basic solution when 
there are no hydroxide ions in the formula for ammonia? 


CHECK YOUR ANSWER Ammonia indirectly increases the hydroxide-ion 
concentration by reacting with water: 


NHạ + HO SNH¿* + OH~ 
This reaction raises the hydroxide-ion concentration, which has the effect of lowering 


the hydronium-ion concentration. With the hydroxide-ion concentration now higher 
than the hydronium-ion concentration, the solution is basic. 


The pH Scale Is Used to Describe Acidity 


The pH scale is a numeric scale used to express the acidity of a solution. 
Mathematically, pH is equal to the negative logarithm of the hydronium-ion 
concentration: 

pH = -log[HO'] 


4 Figure 10 

The relative concentrations of hydronium 
and hydroxide ions determine whether a 
solution ¡s neutral acidic, or basic. When 
these concentrations are equal, the solu- 
tion is neutral. When the hydronium ion 
concentration increases, the hydroxide ion 
concentration necessarily decreases and 
the solution is acidic. Conversely, when the 
hydroxide ion concentration increases, the 
hydronium ion concentration necessarily 
decreases and the solution is basic. 


¬-:..¬-- 


Wly is pure water a neutral solution? 


FORYOUR 


&@ INFORMATION 


Above temperatures of 374°C and 
pressures of 218 atmospheres, water 
transforms into a state of matter 
known as a supercritical fluid, which 
resembles both a liquid and a gas. For 
a neutral solution of supercritical water, 
the pH equals about 2, which means 
that it has high concentrations of both 
hydronium and hydroxide ions and is 
highly corrosive. Research is under way 
to learn how supercritical water might 
be usedl to destroy toxic chemicals, 
such as chemical warfare agents. 
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[H:O*] pH 
1o! -1 Concentrated HCI 
10090 Battery acid 
101 1 
Lemon juice 
102 2 : 
” Vinegar 
3 103 3 Soft drink 
< Beer 
10 4 Tomato 
Coffee 
105 5 Urine 
Rainwater 
106 6 Milk 
Saliva 
Neutral 107 7 Pure water 
Blood 
108 8 Seawater 
102 9 Baking soda 
10-10 10 BR °92P 
S “ã Ammonia 
$ |10 11 
1012 12 B Hair remover 
~13 
Hồ Độ Oven cleaner 
104. 14 
`4 
^ Figure 11 


The pH values of some common solutions. 
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Note again that brackets are used to represent molar concentrations, meaning 
[HzO”] is read “the molar concentration of hydronium ions.” To understand the 
logarithm function, see the following Calculation Corner: Logarithms and pH. 

Consider a neutral solution that has a hydronium-ion concentration of 
1.0 X 107M. To find the pH cf this solution, we first take the logarithm of this 
value, which is —7 (see the Calculation Corner on logarithms). The pH is by 
definition the negative of this value, which means —(—7) = 7. Hence, in a neutral 
solution, where the hydronium-ion concentration equals 1.0 < 10” M, the pHis7. 

Acidic solutions have pH values less than 7. For an acidic solution 
in which the hydronium-ion concentraton ¡is 1.0 X 10M, for example, 
pH = -log(1.0 x TẾ = 4. The more acidic a solution, the greater ifs 
hydronium-ion concentration and the lower its pH. 

Basic solutions have pH values greater than 7. For a basic solution 
in which the hydronium-ion concentraton ¡is 1.0 % 10M, for example, 
pH = -log (1.0 x 10) =8. The more basic a solution, the smaller its 


(a) 


^ Figure 12 


hydronium-ion concentration and the higher its pH. 
Figure 11 shows typical pH values of some familiar solutions, and 
Figure 12 shows two common ways of determining pH values. 


(a) The pH of a solution can be measured electronically using a pH meter. (b) A rough estimate 
of the pH of a solution can be obtained with pH paper, which is coated with a dye that changes 


color with pH. 
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CALCULATION CORNER LOGARITHMS AND PH 


Logarithms are super easy. When you ask for the loearitlm, 
you are simply asking “to what power is 10 raised?“ Eor 
example, the logarithm of 102 is 2, because that is the power to 
which 10 is raised. So what is the logarithm of 102? Just look at 
to what power 10 ¡s raised and there is your answer: 3. Ïf you 
know that 10? is equal to 100, then you TÌ understand that the 
logarithm of 100 is also 2. Check this out on your [log] but- 
ton-equipped calculator. Similarly, the logarithm of 1000 ¡s 3, 
because 10 raised to the third power, 103, equals 1000. 

Any positive number, including a very small one, has 
a logarithm. The logarithm of 0.0001, which equals ñM”, 
1s —4 (the power to which 10 ¡is raised to equal this number). 

As a review of exponents, study the pattern of the num- 
bers shown at the top of the next column. Please keep in mind 
that no negative numbers are shown——all numbers are greater 
than zero! The negative sign in the exponent merely means that 
the numbser is less than 1 (but greater than zero). 


EXAMPLE † 
What ¡s the logarithm of 0.01? 


103 = 1000 (three zeros) 

102 = 100 (two Zeros) 

10! =10 (one zero) 

100=1 (no zeros) 

101 = 0.1 (one zero in the opposite direction) 
102 = 0.01 (two zeros in the opposite direction) 
103 = 0.001 (three zeros in the opposite direction) 
ANSWER 1 


The number 0.01 is 102, the logarithm of which is —2 (the 
power to which 10 ¡is raised). 

The concentration of hydronium ions in most solutions 
is much less than 1 MI. Recall, for example, that in neutral 
water, the hydronium-ion concentration ¡is 0.0000001 M 
(10 ”M). The logarithm of any number smaller than 1 (but 
greater than zero) is a negative number. The definition of pH 
includes the minus sign so as to transform the logarithm of 
the hydronium-ion concentration to a positive number. 

Note that when a solution has a hydronium-ion 
concentration of 1 M, the pH is 0 because 1 M = 100 M. A 10 
M solution has a pH of —1 because 10 M = 10! M. 
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EXAMPLE 2 YOUR TURN 


'What is the pH of a solution that has a hydronium-ion 1. What is the logarithm of 10? 


concentration of 0.001 A1? 


ANSWER 2 3 


2. What is the logarithm of 100,000? 


.. What ¡is the pH of a solution having a hydronium-ion 


The number 0.001 is 103, so concentration o£ 102M? Is this solution acidic, basic, 


mi — =0 200 760i) or neutral? 


= -log (103) 
=-(-3) =3 


4 Buffer Solutions Resist Changes in pH 


EXPLAIN THIS 
At what point does a buffer solution lose its ability to resist changes in pH? 


A buffer solution is any solution that resists large changes in pH. Buffer solu- 
tions work by containing two components. Qne component neutralizes any 
added acid, and the other neutralizes any added base. Buffer solutions can be 
prepared by mixing a weak acid with the salt of that weak acid, which, interest- 
¡ngly, is generally a weak base. An example is a solution of acetic acid, C;H¿O; 
(a weak acid), and sodium acetate, NaC;HạO; (a weak base). 


li LÍ 
(ŒC=@ —> C==€ 
Zễ bề Z Si BÝ 
DI °=. Bo O-Na* 
lãi H 
Acetic acid Sodium acetate 
(weak acid) (salt of weak acid) 


Any strong acid added to this particular buffer solution is neutralized by 
the sodium acetate, as shown in Figure 13. Similarly, any strong base added 
1s neutralized by the acetic acid, as shown in Figure 14. So a buffer works by 
containing both a weak acid and a weak base, each of which will neutralize any 
incoming material that might drastically alter the pH of the solution. 

So both strong acids and strong bases are neutralized by a buffer solution. This 
does not mean, however, that the solution“s pH remains unchanged. When NaOH 
is added to the buffer system we are using as our example, sodium acetate is pro- 
duced. Because sodium acetate behaves as a weak base (it accepts hydrogen ions 
but not very well), there is a slipht increase in pH. When HC] is added, acetic acid 
1s produced. Because acetic acid behaves as a weak acid, there is a slight decrease in 
pH. What makes a buffer solution special is its ability to resist are changes in pH. 


(€: (GJ lN] @ |5 lƑ 1l (In |3 (6 | 
Why do most buffer solutions contain two dissolved components? 


CHECK YOUR ANSWER The weak base component neutralizes any incoming 
acid, and the weak acid component neutralizes any incoming base. 


Ansiuers to CalculaHon Corners appear at the end oƒ the chapter. 


LEARNING OBJECTIVE 


Describe the chemical nature of a 
buffer solution and how it resists 
changes in pH. 


'ẢNN.. 


How does a buffer solution work? 
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) Figure 13 

Hydrochloric acid added to a solution 
containing acetic acid and sodium acetate 
is neutralized by the sodium acetate to 
form additional acetic acid and sodium 


chloride. 
ï 
2= -ịy NEROI- 
Sodium 

Acetic acid chloride 
) Figure 14 
Sodium hydroxide added to a solution 
containing acetic acid and sodium acetate 
is neutralized by the acetic acid to form 
additional sodium acetate and water. 


1 ti 
= ` 

CÓ Ở —>HCCCŸQŸN¿: HÔ^H 
H 


Sodium acetate Water 


Sodium acetat° 


Many different buffer systems are useful for maintaining particular pH 
values. The acetic acid-sodium acetate system is good for maintaining a pH 
around 4.8. Buffer solutions containing equal mixtures of a weak base and a salt 
of that weak base maintain alkaline pH values. For example, a buffer solution of 
the weak base ammonia, NHạ, and its saltammonium chloride, NHạC], is useful 
for maintaining a pH of about 9.3. 

Blood has several buffer systems that work together to maintain a narrow 
pH range between 7.35 and 7.45. A pH value above or below these levels can be 
lethal, primarily because it causes cellular proteins to become đerafzed, which 
is what happens to milk when vinegar is added to it. 

The primary buffer system of our blood is a combination of carbonic acid 
and its salt sodium bicarbonate, shown in Figure 15. Any acid that builds up in 
the bloodstream is neutralized by the basic action of sodium bicarbonate, and 
any base that builds up is neutralized by the acidic action of carbonic acid. 

The carbonic acid in your blood ¡s formed as the carbon dioxide produced 
by your cells enters the bloodstream and reacts with water—this is the same 


) Figure 15 


Carbonic acid and sodium bicarbonate. ï ï 
Œ € 
V727 22/22 T0 C S 
H—O 6 =ãz H—O ONa* 
Carbonic acid Sodium bicarbonate 
(weak acid) (salt) 
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(a) (b) 


reaction that occurs in a raindrop, as we discussed earlier. You fine-tune the lev- 
els of blood carboric acid, and hence your blood pH, by your breathing rate, as 
Figure 1ó illustrates. Breathe too slowly or hold your breath and the amount of 
carbon dioxide (and hence carbonic acid) builds up, causing a slight but signifi- 
cant drop in pH. Hyperventilate and the carbonic acid level decreases by exhaling 
too much C©,„ causing a slight but significant increase in pH. Your body uses this 
mechanism to protect itself from changes in blood pH. One of the symptoms of a 
severe overdose of aspirin, for example, is hyperventilation. Aspirin, also known 
as acetylsalicylic acid, is an acidic chemical that, when taken in large amounts, 
can overwhelm the blood buffering system, causing a dangerous drop in blood 
pH. As you hyperventilate, however, your body loses carbonic acid, which helps 
to maintain the proper blood pH despite the overabundance of the acidic aspirin. 

To summarize the acid /base concepts presented so far, consider the tractor 
shown ïn Figure 17. Using a pH measuring kít, the gardener has found that 
the soil pH ¡is unacceptably low, perhaps because of local atmospheric pol- 
lutants, which may arise from natural or human-made sources. At this low 
pH. the soil contains an overabundance of hydronium ions. These hydronium 
ions react with alkaline nutrients of the soil, such as ammonia, to form water- 
soluble salts. Because of their water solubility, these nutrients in their salt form 
are readily washed away with the rainwater and as a result, the soil becomes 
nutrient-poor. The mechanism by which plants absorb whatever nutrients do 
remain in the soil is also disturbed by the soil“s low pH. 

As a result of all this, most plants do not grow well in acidic soïl. To remedy 
this, the gardener spreads powdered limestone, a form of calcium carbonate, 
CaCO;, which neutralizes the hydronium Ions, thus raising the pH toward neutral. 

Interestingly, the calcium carbonate reacts with the acidic soil to form 
carbon dioxide gas, which ¡in the atmosphere helps to keep rainwater slightly 
acidic, which we describe next. This is the same gas that is generated by the 
cells of our bodies and that tends to acidify our blood. The blood pH, however, 
1s kept fairly constant at around 7.4 because it is buffered. 


5 Rainwater ls Acidic 


EXPLAIN THIS 
What happens to the pH of soda water as ít loses its carbonation? 


As previously mentioned, rainwater ¡is naturally acidic. A main source of this 
acidity is carbon dioxide, the same gas that gives fizz to soda drinks. There are 


4 Figure 16 

(a) Hold your breath and CO, builds up 

in your bloodstream. This increases the 
amount of carbonic acid, which lowers 
your blood pH. (b) Hyperventilate and 

the amount of CO; in your bloodstream 
decreases. This decreases the amount of 
carbonic acid, which raises your blood pH. 


: 
1 
D23} 


s 


^ Figure 17 
Raising the pH of soil by the addlition of an 
alkaline mineral is known as liming. 


LEARNING OBJECTIVE 
ldentify sources of acidity in 


rainwater and explain how this 
acidity can impact the environment. 
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&@ INFORMATION 


Acid rain remains a serious problem in 
many regions of the world. Significant 
progress, however, has been made 
toward fixing the problem. In the 
United States, for example, sulfur 
dioxide and nitrogen oxide emissions 
have been reduced by nearly half 
since 1980. Also, in 2009, federal 
courts approved the 2005 Clean 

Air Interstate Rule (CAIR), which is 
designed to reduce levels of these 
pollutants even further, especially 

for areas downwind of heavily 
industrialized regions. 
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about 829 billion tons of CO; in the atmosphere, most of 1t from such natu- 
ra sources as volcanoes and decaying organic matter but a growing amount 
(about 230 billion tons) from human activities. 

Water in the atmosphere reacts with carbon dioxide to form carboric acid: 


CO¿(g) nu H;O(l) — HạCOz(ao) 
Carbon Water Carbonic 
dioxide acid 


Carbonic acid, as its name implies, behaves as an acid and lowers the pH of 
water. The CO; in the atmosphere brings the pH of rainwater to about 5.6— 
noticeably below the neutral pH value of 7. Because of local fluctuations, the 
normal pH of rainwater varies between 5 and 7. This natural acidity of raïn- 
water may accelerate the erosion of land and, under certain circumstances, can 
lead to the formation of underground caves. 

By convention, aciđ raïn is a term used for rain having a pH lower than 5. Acid 
rain is created when airborne pollutants, súch as sulfur dioxide, are absorbed 
by atmospheric moisture. Sulfur dioxide is readily converted to sulfur trioxide, 
which reacts with water to form suJƒfuric acid: 


25O¿g) + O¿(g) —> 25O¿(g) 
Sulfur Oxygen Sulfur 
dioxide trioxide 
SOạg + HạO() => H;SO¿(aq) 
Sulfur Water Sulfuric 
trioxide acid 


Each year, about 20 million tons of 5O; is released into the atmosphere by the 
combustion of sulfur-containing coal and oil. Sulfuric acid is much stronger 
than carbonic acid, and as a result, rain laced with sulfuric acid and therefore 
higher HzO” concentrations eventually corrodes metal, paint, and other exposed 
substances. Each year, the damage costs billions of đollars. The cost to the envi- 
ronment is also high (Figure 18). Many rivers and lakes receiving acid rain become 
less capable of sustaining life. Much vegetation that receives acid rain doesnt 
survive. This is particularly evident in heavily industrialized regions. 


(b) 


^ Figure 18 

(a), (b) These two photographs show the same obelisk in New York City's Central Park before and 
after the effects of acid rain. (c) Many forests downwind from heavily industrializec areas, such as in 
the northeastern United States and in Europe, have been noticeably hard-hit by acid rain. 
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Rain is acidified as it 
falls through the air. 


@) Acid enters lake from rain. 


2 @) Hydronium ions are neutralized 
by calcium carbonate released 
from limestone. 

Limestone 


@ø  2H¿O†+ CaCO; —> 3H;O + CO; + Ca?* 


Rain is acidified as it 
falls through the air. 


@) Acid enters lake from rain. 


40} @) Hydronium-ion concentration 
3 * %. . 

: đ" increases, with potential 
: harm to the ecosystem. 


(b) Granite rock 


COIN(CEPT€CHECK 


When sulfuric acid, H;SO¿x, ¡is added to water, what makes the resulting 
aqueous solution corrosive? 


CHECK YOUR ANSWER Because H;SO¿ ¡is a strong acid, it readily forms 
hydronium ions when dissolved in water. Hydronium ions are responsible for the 
Corrosive action. 


The environmental impact of acid rain depends on local geology, as 
Figure 19 illustrates. In certain regions, such as the midwestern United States, 
the ground contains significant quantities of the alkaline compound calcium 
carbonate (limestone), deposited when these lands were submerged under 
Oceans, as has occurred several times over the past 500 million years. Acid rain 
pouring into these regions is often neutralized by the calcium carbonate before 
any damage is done. (Figure 20 shows calcium carbonate neutralizing an acid.) 
In the northeastern United States and many other regions, however, the ground 
contains very little calcium carbonate and is composed primarily of chemically 
less reactive materials, such as granite. In these regions, the effect of acid rain 
on lakes and rivers accumulates. 

One demonstrated solution to this problem is to raise the pH of acidified 
lakes and rivers by adding calcium carbonate—a process known as liming. The 
cost Of transporting the calcium carbonate, coupled with the need to monitor 
treated water systems closely, limits liming to only a smaill fraction of the vast 
number of water systems already affected. Furthermore, as acid rain continues 
to pour into these regions, the need to lime continues. 


) Figure 20 

Most chalks are made from calcium carbonate, which ¡is the same chemical found in limestone. 
The addition of even a weak acid, such as the acetic acid of vinegar, produces hydronium ions 
that react with the calcium carbonate to form several products, the most notable being carbon 
dioxide, which rapidly bubbles out of solution. Try this for yourself! lf the bubbling is not as 
vigorous as shown here, then the chalk is made of other mineral components. 


4 Figure 19 

(a) The damaging effects of acid rain do 
not appear in bodies of fresh water lined 
with calcium carbonate, which neutralizes 
any acidity. (b) Lakes and rivers lined with 
inert materials are not protected. 
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What is a longer-term solution to the 
problem of acid rain? 


LEARNING OBJECTIVE 


Describe the impact atmospheric 
carbon dlioxide has on the ocean's 
pH and mineral composition. 


".‹.<= 


What chemical forms when carbon 
dioxide dissolves in water? 


) Figure 21 

Carbon dioxide forms carbonic acid upon 
entering any body of water. In fresh water, 
this reaction is reversible, and the carbon 
dioxide ¡is released back into the atmo- 
sphere. In the alkaline ocean, the carbonic 
acid is neutralized to such compounds as 
calcium bicarbonate, Ca(HCO);, which 
precipitate to the ocean floor. As a result, 
most of the atmospheric carbon dioxide 
that enters our oceans remains there. 
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A longer-term solution to acid rain is to prevent most of the generated 
sulfur đioxide and other pollutants from entering the atmosphere in the first 
place. Ioward this end, smokestacks have been designed or retrofitted to mini- 
mize the quantities of pollutants released. Although costly, the positive effects 
of these adjustments have been demonstrated. An ultimate long-term solution, 
however, would be a shift from fossil fuels to cleaner energy sources, such as 
nuclear and solar energy. 


G.@N CGEpPpnCHECK 
What kind of lakes are most protected against acid rain? 


CHECK YOUR ANSWER Lakes that have a floor consisting of basic minerals, 
such as limestone, are more resistant to acid rain, because the chemicals of the lime- 
stone (mostly calcium carbonate, CaCO2) neutralize any incoming acid. 


6 Carbon Dioxide Acidifies the Oceans 


EXPLAIN THIS 


Why are colder ocean waters more vulnerable to the effect of 
carbon dioxide-mediated ocean acidification? 


The amount of carbon dioxide put into the atmosphere by human activities 
1S ørowing. Surprisinply, however, the atmospheric concentration of CƠ; is 
not increasing proportionately. One explanation has to do with the oceans, 
as described ¡in Figure 21. When atmospheric CO; dissolves in any body of 
water—a raindrop, a lake, or an ocean——it forms carbonic acid, HạCOa. In fresh 
water, this carbonic acid transforms back to water and carbon dioxide, which 
1s released back into the atmosphere. In the ocean, however, the carbonic acid 
is quickly neutralized by dissolved alkaline minerals. (The ocean ¡s alkaline, 
pH > 8.1.) As discussed in the introducton to this chapter, the products 
of this neutralization eventually end up on the ocean floor as insoluble sol- 
1ds. Thus, carbonic acid neutralization ¡in the ocean prevents CO; from being 
released back into the atmosphere. The ocean, therefore, is a carbon dioxide 
sink—most of the CO; that goes in doesn”t come out. Pushing more CƠ; into 
our atmosphere means pushing more of it into our vast oceans. So far, the 
oceans have been absorbing about one-third of our CO; emissions. 


Carbon dioxide 
is absorbed 
and released. 


Carbon dioxide 
is absorbed. 


Ocean pH > 8.2 


CO; +HyạO => H;CO, 


CO; +HạO —> H,CO; 
H;ạCO; SỊ CaCOa ==- Ca(HCO;); 


Deposits on ocean floor 
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'The movement of our CO; into the oceans, however, comes at a cost. Notice 
from Figure 21 that the CO›-derived carboric acid, HạCO», reacts with calcium 
carbonate, CaCO+. The addition of carbon dđioxide into our oceans, therefore, 
has the effect of decreasing the amount of calcium carbonate in the ocean water, 
as well as other carbonates, such as magnesium carbonate, Mg;COa. Coral, 
shelled organisms, and many other marine species, however, use these carbon- 
ates to build and maintain their bodily structures. Importantly, they can only do 
this when the ocean water is saturated with these minerals, which is currently 
the case in most surface waters. But the addition of CO; leads to ocean water 
unsaturated with carbonates. In regions where this occurs, the carbonate-based 
creatures begin to dissolve, which means they perish. This, in turn, can have 
a sipnificant impact throughout the marine ecosystem, which would affect us 
as well. Consider this example: pink salmon off the southern coast of Alaska 
live on a diet of sea snails, also known as pteropods, which are dependent on 
carbonate minerals. The destruction of this pteropod population by ocean acidi- 
fication would also mean an end to the Alaskan pink salmon fishing industry. 


CON CEPTCHECK 


How does adding CO; to the oceans cause a decrease in the 
concentration of carbonate ions, COzZ? 


CHECK YOUR ANSWER The CO; reacts with water, HO, to form carbonic acid, 
HạCO;, which effectively removes the carbonate ion, COsZ”, by reacting with it to form 
the bicarbonate ion, HCO;_. 


1s the effect of human-produced CO; on ocean pH measurable? Absolutely, 
and it is significant. Over the past 100 years, increases in atmospheric carbon 
đioxide—primarily due to the burning of fossil fuels—has lowered the average 
pH cf the ocean by about Ö.1 pH unit. On a geologic time scale, this is liphtning 
fast. The last comparable decrease in ocean pH occurred about 56 million years 
ago. At that time, major increases in atmospheric carbon dioxide caused the 
pH of the ocean to decrease by about 0.45 unit. These changes, however, took 
place over 5000 years for an average decrease in ocean pH of about 0.01 unit per 
century. The result was a huge die-off of marine organisms, which can be seen 
as a distinct layer of brown sediment within core samplings of the ocean floor. 
We are on track for surpassing this event at a rate that is about ten times as fast. 

The media give much attention to the role atmospheric carbon dioxide 
plays in global climate (Figure 22). We discuss many of the details of this impor- 
tant issue in Chapter 16. You should understand, however, that our production 
Of copious amounts of carbon dioxide is a twofold problem. One is the potential 
for a not-so-predictable change ¡in global climate. The other is a very predictable 
change in ocean chemistry. Both need to be considered carefully. 
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*bpm = parts per million, which tells us the number of carbon 
dioxide molecules for every million molecules of air. 


CHEMICAL 
CONNECTIONS 


How is petroleum connected 
to the pH of the oceans? 


_,ẢN““... 


When was the last decrease in ocean 
pH that would have been comparable 
to what is taking place today? 


4 Figure 22 

Researchers at the Mauna Loa Weather 
Observatory in Hawaii have recorded 
increasing concentrations of atmospheric 
carbon dioxide since they began collect- 
ing data in the 1950s. This famous graph 
is known as the Keeling curve, after the 
scientist Charles Keeling, who initiated 


this project and first noted the trends. The 
oscillations within the Keeling curve reflect 


seasonal changes in CO; levels. 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


ldentify when a chemical behaves as an acid or a base. (1) — 


Describe how the strength of an acid or a base affects 


the number of ions in solution. (2) 


Calculate the pH of a solution given the hydronium-ion 


concentration. (3) 


Describe the chemical nature of a buffer solution and 
how it resists changes in pH. (4) 


ldentify sources of acidity in rainwater and explain 
how this acidity can impact the environment. (5) 


Describe the impact atmospheric carbon dioxide has 
on the ocean's pH and mineral composition. (6) 


SUMMARY OF TERMS 


Acid A substance that donates hydrogen ions or accepts 
electron pairs. 

Acidic Said of a solution in which the hydronium-ion concen- 
tration is higher than the hydroxide-ion concentration. 

Amphoteric A description of a substance that can behave as 
either an acid or a base. 

Base A substance that accepts hydrogen ions or donates 
electron pairs. 

Basic Said of a solution in which the hydroxide-ion concentra- 
tion is higher than the hydronium-ion concentration. Also 
sometimes called alkaline. 

Buffer solution A solution that resists large changes in pH, 
made from either a weak acid and one of its salts or a 
weak base and one of its salts. 


READING CHECK OUESTIONS 


1 _Acids Donate Protons and Bases Accept Them 


(KNOWLEDGE) 


Ouestions 1-3, 32-38 


— Ouestions 4-ó, 29-30, 39-47 


—- Ouestions 7-10, 20-21, 23-28, 46-55 


— Ouestions 1T1—13, 5é-59 


— Ouestions 14-1ó, 22, 31, ó0-ó3 


—- Ouestions 17—19, ó4-ó7, ó8-70 


Hydronium ion A polyatomic ion made by adding a proton 
(hydrogen ion) to a water molecule. 


Hydroxide ion A polyatomic ion made by removing a proton 
(hydrogen ion) from a water molecule. 


Neutral Said of a solution in which the hydronium-ion 
concentration is equal to the hydroxide-ion concentration. 


Neutralization A reaction between an acid and a base. 

pH A measure of the acidity of a solution, equal to the 
negative logarithm of the hydronium-ion concentration. 

Salt An ionic compound commonly formed from the reaction 
between an acid and a base. 


(COMPREHENSION) 


2 Some Acids and Bases Are Stronger than Others 


1. What are the Brønsted-Lowry definitions of acid 
and base? 


2. When an acid ¡s đissolved in water, what ion does the 
water form? 

3. When a chemical loses a hydrogen ion, is it behaving as 
an acid or a base? 
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4. What does this mean: an acid is strong in aqueous 
solution? 

5. Why does a solution of a strong acid conduct electricity 
better than a solution of a weak acid having the same 
concentration? 

ó. When can a solution of a weak base be more cOrrosive 
than a solution of a strong base? 


Acids and Bases in OQur Environment 


3 Solutions Can Be Acidic, Basic, or Neutral 


5 Rainwater ls Acidic 


7. Is water a strong acid or a weak acid? 


8. What is true about the relative concentrations of 
hydronium and hydroxide ions in an acidic solution? 
'What about a basic solution? A neutral solution? 

9. What does the pH of a solution indicate? 

10. As the hydronium-ion concentration of a solution 
increases, does the pH of the solution increase or 
đecrease? 


4 Buffer Solutions Resist Changes in pH 


14. What is the product of the reaction between carbon 
dioxide and water? 


15. What does sulfur dioxide have to do with acid rain? 


1ó. How do humans generate the air pollutant sulfur đioxide? 


6 Carbon Dioxide Acidifies the Oceans 


11. What is a buffer solution? 


12. A strong acid quickly drops the pH when ït is added to 
water. Thỉs is not the case when a strong acid is added to 
a buffer solution. Why? 


13. Why is it so important that the pH of our blood be 
maintained within a narrow range of values? 


CONFIRM THE CHEMISTRY 


20. Make a concentrated solution of red cabbage extract by 
boiling a cup of shredded red cabbage in a cup of water 
for about 5 minutes. For smaller quantities, combine 
3 tablespoons of shredded red cabbage with 3 tablespoons 
of 70 percent isopropyl alcohol and heat in a microwave 
for 30 seconds. Allow to cool. How might you use red 
cabbage extract to measure the pH of soil? Of ocean 
water? What about water from a swimming pool? What 
about seltzer water? Red cabbage extract can measure pH, 
but what does pH measure? 


21. Make a concentrated solution of red cabbage extract by 
boiling a cup of shredded red cabbage in a cup of water 
for about 5 minutes. Pour this extract into a large, trans- 
parent container, such as a vase or a 2-liter plastic bottle 
with the top cut off. Add a tablespoon of white vinegar 
to acidify the solution. Ask yourself or a classmate what 
would happen to the pH of this solution If you were to 
fill the container with plain water. Would the pH go up 


THINK AND SOLVE 


23. Show that the hydroxide-ion concentration in an aqueous 
solution is 1 < 10”* M when the hydronium-ion concentra- 
tion is 1  10”!9 M. Recall that 102 x 10? = 10A + P), 

24. When the hydronium-ion concentration of a solution 1s 
11019 M, what is the pH of the solution? Is the solution 
acidic or basic? 

25. When the hydronium-ion concentration of a solution 1s 
110$ M, what is the pH of the solution? Is the solution 
acidic or basic? 


17. Why are atmospheric levels of carbon đioxide not rising 
as rapidly as might be expected based on the increased 
output of carbon dioxide resulting from human activities? 


18. As carbon dioxide is absorbed by the ocean, it reacts with 
water and then carbonate ions to form what? 

19. By about how many pH units has the ocean become 
acidified over the past century? 


(HANDS-ON APPLICATION) 


or down or stay the same? Test your prediction. As you 
dilute the solution, the color grows lighter, but what hap- 
pens to its hue? How can adding plain water change the 
pH ofa solution? Might plain water be used to make this 
solution alkaline? 


22. Add about an inch of water to a large test tube; then add 
a couple drops of phenolphthalein pH indicator, which 
you will likely need to obtain from your classroom. Add 
a small pinch of washing soda, which contains sodium 
carbonate, Na;CO,.. Upon mixing, the washing soda turns 
the solution basic as evidenced by the pink color that 
forms. Neutralize this base by adding an acid, but not just 
any acid—use the acid of your breath. Bubble your breath 
into the solution through a straw until the pink color 
disappears. What acid are you adding? How does this 
activity relate to the acidity of rain? Why do you want 
to add only a small pinch of washing soda and not a 
tablespoon? 


(MATHEMATICAL APPLICATION) 


2ó. Show that an aqueous solution having a pH of 5 has a 
hydroxide-ion concentration of 1 < 102M. 

27. When the pH of a solution is 1, the concentration of 
hydronium ions is 101 M1 =0.1 M. Assume that the 
volume of this solution is 500 mL. What is the pH after 
500 mL of water is added? You will need a calculator with 
a logarithm function to answer this question. 


28. Show that the pH of a solution is =0.301 when its 
hydronium-ion concentration equals 2 moles per liter. 
1s the solution acidic or basic? 
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THINK AND COMPARE (ANALYSIS) 


29. Rank the following solutions in order of increasing 
concentration of hydronium ions, H,O†. 


a. Hydrogen chloride, HCI (concentration = 2 M) 
b. Acetic acid, C,H,O; (concentration = 2 M) 
c. Ammonia, NH: (concentration = 2 M) 


30. The three chemicals listed next are very weak acids because 
they have a difficult time losing a hydrogen ion, H*. Upon 
losing this hydrogen ion, the central atom of each of these 
molecules takes on a negative charge. Holding onto this 
negative charge isnt easy, especially when there are pOsi- 
tively charged hydrogen Ions, H”, floating about ready to 
combine with the negative charge. lf your book contains the 
chapter titled “How Atoms Bond,“ review the concept of 


THINK AND EXPLAIN (SYNTHESIS) 


1 Acids Donate Protons and Bases Accept Them 


32. An acid and a base react to form a salt, which consists of 
positive and negative ions. Which forms the positive ions: 
the acid or the base? Which forms the negative ions? 

33. Water is formed from the reaction between an acid and a 
base. Why is water not classified as a salt? 

34. Identify the acid or base behavior of each substance in 
these reactions. 


8. HạO + CÍ ->EI,O + HCI 


b. HạPO, + HO H;O† + HPO¿2~ 


c. HISGïA bo HO ==[O]jL. sp H;SO¿ 


đỢ | I0cC1 O7 


35. Does the phosphate ion, a common additive to automatic 
dishwasher detergent, tend to behave as an acid or a 
base? Explain. 


Phosphate ion 


3ó. Which reactant behaves as an acid and which behaves as 
a base in the following reaction? 


tơ" F CO Ƒ 

Ñ N ® 1 

Ạ' Ề .a —. ờ =_=. 
;Os F ;ÓOs Ụ 


Sulfur dioxide Boron trifluoride 
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31. 


SYb 


38. 


electronegativity in Section 7 and rank the acidity of these 
molecules in order from strongest to weakest. 


a. Ammonlia, NH;ạ 

b. Water, H,O 

c. Methane, CH¿ 

Rank in order of decreasing pH: the rain that fell on the 
Hawaiian island of Kauali on the morning of 

a. January 18, 1778 

b. December 7, 1941 

c. May 68,2010 

Assume there were no active volcanoes on or around 
Kauali on these dates. 


A water molecule, H,O, becomes strongly held to a 
đissolved aluminum ion, AlŠ*. According to the Lewis 
definition of acids and bases, which is behaving as an 
acid: the water or the aluminum ion? Which is behaving 
as a base? 


_=. 
1©) 

Ñ \ 

NÀ h 


Does the hydride ion, H, tend to behave as an acid or a base? 


2 Some Acids and Bases Are Stronger than Others 


S2 


40. 


The main component of bleach is sodium hypochlorite, 
NaOC], which consists of sodium ions, Na”, and hypo- 
chlorite ions, -OCI. What products are formed when this 
compound is reacted with the hydrochloric acid, HCI, of 
toilet bowl] cleaner? 


Acetic acid, shown here, has four hydrogen atoms—one 
bonded to an oxygen and three bonded to a carbon. When 
this molecule behaves as an acid, it donates only the 
hydrogen bonded to the oxygen. The hydrogens bonded 
to the carbon remain in tact. Why? 


O O 
sào lÏ ¬ 
bzCSo/H——> bzCxạy HỆ 
“`5. ..... 
H bond breaking 
Acetic acid 
41. How readily an acid donates a hydrogen ion is a function 


of how well the acid is able to accommodate the resulting 
negative charge it gains after donating. Of the two struc- 
tures shown at the top of the next page, which should be 
the stronger acid: water or hypochlorous acid? Explain. 
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II Ê\ BIẾN 
H VI 
Water Hypochlorous acid 


42. Which should be a stronger base: ammonia, NH, Or nitro- 
gen trifluoride, NF;? 


H—NH F—N—F 
| | 
H F 
Ammonia Nitrogen trifluoride 


43. Why ¡s the H——E bond so much stronger than the H——I 
bond? (Hint: think atomic size.) 

44. Which bond is easier to break: H——F or H——I? 

45. Which is the stronger acid: H——F or H——I? 

4ó. Some molecules are able to stabilize a negative charge by 
passing it from one atom to the next by a flip-flopping of 
double bonds. This occurs when the negative charge is 
one atom away from an oxygen double bond as follows. 
Note that the curved arrows indicate the movement of 
electrons. 


@ ` Œ@ ào 
lộ|G óc” Siêi DỊC)S00) 
'Why then is sulfuric acid so much stronger an acid 
compared to carbornic acid? 


l l 
Carbonic acid O 
Sulfuric acid 


47. Suggest a reason why the carbonate ion, (ði8 De) 1S a stron- 
ger base than the bicarbonate ion, HCO,-. 


Carbonate ion Bicarbonate ion 


3 Solutions Can Be Acidic, Basic, or Neutral 


48. Why do we use the pH scale to indicate the acidity of 
a solution rather than simply state the concentration of 
hydronium Ions? 

49. The amphoteric reaction between two water molecules is 
endothermic, which means the reaction requires the input 
of heat energy in order to proceed. 


Energy + HO + HạO<>HO” + OH” 
The warmer the water, the more heat energy that is 


available for this reaction and the more hydronium and 
hydroxide ions that are formed. 


a. Which has a lower pH: pure water that is hot or pure 
water that is cold? 

b. Is it possible for water to be neutral but have a pH less 
than or greater than 7.0? 


50. Within a neutral solution of supercritical water (374°C, 
218 atm), the pH equals about 2. What is the concentra- 
tion of hydronium ions within this neutral solution? What 
1s the concentration of hydroxide ions? Why is supercriti- 
caÌ] water sO cOrrOsive? 


51. The pOH scale indicates the “basicity“ of a solution, 
where pOH = -log[OH-]. For any solution, what does the 
sum pH + pOH always equal? 


52. What is the concentration of hydronium ions ín a solution that 
has a pH of -3? Why is such a solution impossible to prepare? 


53. Can an acidic solution be made less acidic by adding an 
acidic solution? 


54. Bubbling carbon dioxide into water causes the pH of 
the water to go down (become more acidic) because of 
the formation of carbonic acid. WilI the pH also drop 
when carbon dioxide is bubbled into a solution of 
1M hydrochloric acid, HCI? 


55. What happens to the pH of water as you blow bubbles 
into it through a drinking straw? 


4 Buffer Solutions Resist Changes in pH 


5ó. Sodium bicarbonate, NaHCO,, shown here, is the active 
ingredient of baking soda. Compare this structure with 
those of the weak acids and weak bases presented in this 
chapter. Explain how this compound by itself in solution 
moderates changes in pH. 


O 
| 


J3 su 


Sodium bicarbonate 
(salt) 


57. Hydrogen chloride is added to a buffer solution of 
ammonia, NH., and ammonium chloride, NH,CI. What is 
the effect on the concentration of ammonia? ©n the 
concentration of ammonium chloride? 

58. Sodium hydroxide is added to a buffer solution of 
ammonia, NH., and ammonium chloride, NH,CI. What is 
the effect on the concentration of ammonia? ©n the 
concentration of ammonium chloride? 

59. Why does holding your breath cause the pH of your 
blood to decrease? 


5 Rainwater ls Acidic 


60. Why ¡s vinegar so good at removing water spots from 
your bathroom faucet? 

61. Pour vinegar onto beach sand from the Caribbean and the 
result is a lot of froth and bubbles. Pour vinegar onto beach 
sand from California, however, and nothing happens. Why? 

62. How might you tell whether your toothpaste contained 
calcium carbonate, CaCO,, or perhaps baking soda, 
NaHCO;, without looking at the ingredients label? 
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63. Lakes lying in silicon dioxide, SiO,„ containing granite 
basins tend to become acidified by acid rain more readily 
than lakes lying ¡in calcium carbonate, CaCO;, limestone 
basins. Explain why. 


ó Carbon Dioxide Acidifies the Oceans 


64. How might warmer oceans have the effect of slowing 
down ocean acidification? 


THINK AND DISCUSS (EVALUATION) 


ó8. Scientists have experimented with ways of enhancing 
the ocean“s ability to absorb atmospheric carbon dioxide. 
They found that adding powdered iron to a small plot of 
the ocean has the effect of fostering the growth of micro- 
Organisms that enhance the rate at which carbon dioxide 
is absorbed. Might this be a solution to the problem of 
global climate change? Why or why not? 


69. Can industries be trusted to self-regulate the amount of 
pollution they produce? Is government really necessary 


65. 


How does burning fossil fuels lower the pH of the ocean? 


6ó. Why is it that acid raid is not so mụuch of a cause of ocean 


67. 


70. 


READINESS ASSURANCE TEST (RAT) 


]Ƒuou haue a qood handle ơn this chapter, then you should be able to 
score at least 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
t0ui0.ConceptualChetmistry.com. ]ƒ you score less tham 7, you nieed 
to studu ƒurther beƒf0Te 1n00ing 0H. 


Choose the BEST answer to the following. 
1. What is the relationship between the hydroxide ion and a 
water molecule? 
a. A hydroxide ion ¡is a water molecule plus a proton. 


b. A hydroxide ion and a water molecule are the 
same thing. 


c. A hydroxide ion ¡is a water molecule minus a 
hydrogen nucleus. 


d. A hydroxide ion is a water molecule plus two extra 
electrons. 


2. What happens to the corrosive properties of an acid and 
a base after they neutralize each other? Why does this 
happen? 

a. The corrosive properties are neutralized because the 
acid and base no longer exist. 


b. The corrosive properties are embedded into the non- 
cOrrosive salt. 


c. The corrosive properties are doubled because the acid 
and base are combined ¡n the salt. 


d. The corrosive properties are neutralized by the salt. 


3. Sodium hydroxide, NaOH, is a strong base, which means 
that it readily accepts hydrogen ions. What products are 
formed when sodium hydroxide accepts a hydrogen ion 
from a water molecule? 


a. S5odium ions, hydroxide ions, and water 


b. Sodium ions, hydroxide ions, and hydronium ions 
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acidification? 


Which ¡s the greater problem: acid rain or ocean 
acidification? 


to enforce these regulations? Shouldn/t the mind of the 
consumer and the economic advantages of sustainable 
practices be sufficient to motivate industries to protect the 
environment? 


Air pollution regulations can be implemented and 
enforced by local, state, federal, and international levels 
of government. Which one of these four levels should be 
granted the greatest authority? For each level, list the 
reasons it should be granted the greatest authority. 


c. Sodium ions and hydronium ions 
d. Sodium ions and water 
A weak acid ¡is added to a concentrated solution of hydro- 
chloric acid. Does the solution become more or less acidic? 
a. More acidic because more hydronium Ions are being 
added to the solution. 


b. Less acidic because the solution becomes more dilute 
with a less concentrated solution of hydronium ions 
being added to the solution. 


c. No change ïn acidity because the concentration of the 
hydrochloric acid is too high to be changed by the 
weak solution. 


d. Less acidic because the concentration of hydroxide 
1ons will increase. 


. Why do we use the pH scale to indicate the acidity of 


a solution rather than simply state the concentration of 
hydronium ions? 


a. ltincludes the concentration of hydronium and 
hydroxide lons. 


b. Itis used because the general public understands it. 
c. Ïtis more accurate to use the pH scale. 


d. Itis more convenient because the concentration o£ 
hydronium ions is usually so small. 


. When the hydronium-ion concentration equals 1 mole per 


liter, what is the pH of the solution? Is the solution acidic 
or basic? 


a. pH=0; this is an acidic solution. 
b. pH =1; this is an acidic solution. 
c. pH=10; this is a basic solution. 


d. pH=”7; this is a neutral solution. 
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7. Sometimes an individual going throuph a traumatic expe- 
rience cannot stop hyperventilating. In this circumstance, 
1t is recommended that the individual breathe into a paper 
bag or cupped hands as a useful way to avoid an increase 
in blood pH, which can cause the person to pass out. How 
does this work? 


a. It helps to slow the person“s breathing to prevent 
excess oxygen from entering the blood. 

b. The paper absorbs CO, to prevent the accumulation 
of excess CO, ¡in the blood. 

c. CO; initially exhaled is reinhaled to help maintain 
adequate levels of carbonic acid in the blood. 

d. The paper bag helps to retain the water vapor leaving 
the mouth to prevent an increase in the concentration 
of lactic acid in the body. 

8. Cutting back on the pollutants that cause acid rain is one 
solution to the problem of acidified lakes. What is another 
solution? 

a. Stop using NaC] to salt roads in the winter. 


b. Add a neutralizing substance such as limestone. 


ANSWERS TO CALCULATION CORNER 


1. “What is the logarithm of 107?” can be rephrased as 
“To what power is 10 raised to give the number 107?” 
The answer is 5. 

2. You should know that 100,000 is the same as 10°. Thus, 
the logarithm of 100,000 is 5. 


c. Add ammonium ions to the lakes. 
d. Filter the water to remove any acidity in the lakes. 
9. Why might a small piece of chalk be useful for alleviating 
acid indigestion? 
a. Calcium carbonate accepts protons, which will 
neutralize any excess acids. 


b. Calcium carbonate is able to absorb excess acid and 
carry it out of the system. 


c. Calcium carbonate is able to add an extra lining to 
the stomach to protect it from the excess acid. 


d. Calcium carbonate is able to turn the acid into a gas 
that can relieve the buildup of excess acid. 


10. The pH of the ocean is currently dropping at a rapid rate. 
The last time this happened on a comparable level was 
about 


a. 600 years ago. 
b. 10,000 years ago. 
c. 56 million years ago. 


d. 540 million years ago. 


LOGARITHMS AND PH 


3. The pH is 9, which means this is a basic solution: 
pH =-log[HO'] 
= -log(10”) 
=-C9) 
=9 
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Conftoxtual ChemistrV 


A SPOTLIGHT 


Making Glass 


We humans have long tinkered with 
materials around us and used them 
to our advantage. Moldable wet clay, 
for example, was found to harden to 
ceramic when heated by fire. Around 
5000 B.C., pottery fire pits gave way 
to furnaces hot enough to convert 
copper ores to metallic copper and 
tin ores to metallic tin. The mixing 
of molten copper and tin created 
bronze, which ¡is a durable alloy use- 
ful for the making of swords, plows, 
and other artifacts of the so-called 
Bronze Age. By 1200 B.C., hotter 
furnaces were converting iron ores 
to the even more durable iron, ush- 
ering in the lron Age. 

The metal ores usedl by early met- 
alworkers contained many impuri- 
ties, such as sand, which would also 
melt within the hot furnaces. Upon 
cooling, these ¡impurities would 
solidify to a material known as slag, 
which was similar to the highly 
prized volcanic black glassy mineral 
known as obsidian. By tinkering with 
the ingredients, slags of many colors 
were produced, including some that 
were transparent. When set to a use- 
ful purpose, such as in the making of 
beads, containers, or windows, the 
hardened slag became known as 
glass. Over many centuries, gÌass- 
making gradually improved. Clearer 
and stronger glass made possible 
many important inventions, such as 
those shown in Figure 1. 

Eyeglasses were first made ¡in 
northern ltaly in the 13th century. Their 
use quickly spread, and the effect on 
society was significant, especially in 
that eyeglasses allowed people to 
read and remain intellectually active 
throughout their lives. Another sig- 
nificant achievement made possible 
by the development of glass lenses 
was the telescope, which in 109 
was pointed skyward by Galileo, who 
observed moons orbiting the planet 
dupiter and opened the door to a 
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^ Figure 1 

Eyeglasses, the telescope, and the 
distillation apparatus—pivotal inventions 
made from glass. 


golden age of astronomy. lmproved 
glass also made possible the design 
of distillation equipment used to iso- 
late alcohol from fermented broths. 
Distilled spirits, as they were called, 
became noted not only for their 
intoxicating effects but also for their 
ability to disinfect and promote the 
healing of woundis. 

Glass is an amorphous material. 
In sụch a substance, submicroscopic 
units are randomly oriented relative 
to one another. This is different from 
a crystal, in which  submicroscopic 
units are arranged in a periodic and 
orderly fashion. Glass can have a 
variety of chemical compositions. This 
allows the glass maker to customize 
the chemical and physical proper- 
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ties of the glass and then process it 
into all kinds of products. Common 
glass is a mixture of sodium silicate, 
NaSiO, and calcium silicate, CaSiO 
. lt is formed by heating a blend of 
sodium carbonate, calcium carbon- 
ate, and silica: 


Na;COs + SiO; — 
Sodium Silica 
carbonate 
Naz;SiOa + CO; 
Sodium Carbon 
silicate dioxide 
CaCOs SE SiO; _ 
Calcium Silica 
carbonate 
CaSO;y + CO; 
Calcium Carbon 
silicate dioxide 
Various additives provide glass 
with special properties. Adding 


potassium oxide, KạO, for exam- 
ple, makes a very hard gÌass com- 
monly used for optical applications. 
When lead oxides are added, glass 
becomes dense and has a high 
refractive index, which means it 
readily bends white light into a rain- 
bow of colors. Such glass ¡s called 
crystal glass, because these proper- 
ties resemble those of true crystals, 
such as quartz, which ¡is a crystalline 
form of silica, SiO;. Adding boron 
oxide, B¿O;, markedly lowers the 
rate at which glass expands when 
it is warmed and contracts when 
ít is cooled. This enables the glass 
to withstand sudden changes ¡in 
temperature without breaking. Such 
glass ¡is known as Pyrex® glass and 
is used in laboratory glassware and 
cooking utensils. 

Glass can be colored by add- 
ing various chemicals. Cobalt oxide 
yields a blue glass used in specialty 


dinnerware. Adding the element sele- 
nium gives glass a red color, and the 
element iridium makes glass black. 
Glassmaking artists have experi- 
mented with chemical additives to 
produce a variety of colored glasses, 
such as those shown in Figure 2. 


^ Figure 2 


Gilass as an art form. 


The physical properties of glass 
are wholly remarkable. lt ¡is easily 
melted, can be poured or blown 
into almost any shape, and retains 
that shape when it cools. Moreover, 
pieces of glass can be melted 
together to become sealed without 
glue or cemernt. This allows the man- 
ufacture of many intricate glassware 
designs. Glass ¡is transparent and 
resistant to  even 
the most corrosive 
chemicals, which ¡s 
why chemical reac- 
tions in the labo- 
ratory_ are usually 
carried out in glass 
containers. Long, 
thin strands of glass 
are flexible enough 
to be encased in 
cables that can 
stretch for hundreds 
of kilometers. These 
are the fiber-optic 
cables shown_ ¡in 
Figure 3, through 
which pulses of light 
can travel, carrying 
information data 
with  remarkable 
efficiency. 
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Glass science and technology 
remains a very active area of 
research. For example, what sort 
of glass should be used to encase 
nuclear waste?  Archeologists 
are looking ¡into this question by 
studyinng the integrity of glass 
obtained from ships that sunk thou- 
sands of years ago. ln medicine, 
borate glass fibers have been found 
to promote the healing of deep 
skin wounds, including ulcers. Also, 
radioactive glass micro-beads that 
selectively kill cells within a cancer- 
ous tumor have been developed. 
These beads are exactly the right 
size to become lodged within the 
tumor's blood vessels, which tend 
to be unusually narrow. 

Fortunately, the starting materials 
for glass are abundant, so unlike the 
situation with paper, plastics, and 
metals, we are not in imminent dan- 
ger of a glass shortage. Resources 
can still be saved, however, by recy- 
cling glass. The energy needed to 
produce glass from recycled prod- 
ucts is only 70 percent of the energy 
needed to produce it from raw mate- 
rials. Glass by any standard has been 
one of humankinds best bargains. 


w Figure 3 

Information-bearing light pulses travel 
through the glass of fiber-optic cables, 
which provided a revolution in long-distance 
communication. 
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When ¡is glass not fragile? 


CHECK YOUR ANSWER Gilass ¡s 
not fragile when it is in a molten 
phase. 


Think and Discuss 


1. Commercial beverages are trans- 
ported ¡in both plastic and glass 
containers. How might it be that 
the glass containers are respon- 
sible for the release of more 
atmospheric pollution than the 
plastic containers? 


2. ls transparent glass a homoge- 
neous or heterogeneous mix- 
ture? Please explain. 


3. Wet clay is a mixture of microcap- 
sules of aluminum oxides and sili- 
con oxides surrounded by water. 
lt can be shaped easily because 
the water serves as a lubricant 
that allows the microcapsules 
to slip over one another. When 
dry, the microcapsules become 
locked in position and the clay 
holds its shape. Dried clay, how- 
ever, easily breaks. Why does the 
clay become much more durable 
after being heated to very high 
temperatures within a kiln? 


4. Whatforms when the ingredients 
for a glass are coated onto clay 
pottery and heated to high tem- 
peratures within a kiln? 


5. Pretend you have just earned 
a college degree ¡in chemis- 
try. You have job offers from a 
paper mill ($40K), a company 
that produces plastics ($35K), 
a steel mill ($ó0K), and a start- 
up glassblowing company that 
produces specialty laboratory 
glassware ($32K). You also 
have the option of going to 
graduate school where you wil| 
receive a tuition waiver along 
with an annual stipend of $15K. 
Which do you choose? What 
factors besides salary and type 
of employment contribute to 
your choice? 
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Solutions to Odd-Numbered Chapters Ouestions 


1. The Brønsted-Lowry definition of an acid and base says that 
an acid is any chemical that donates a hydrogen ion and a base is 
any chemical that accepts a hydrogen ion. 


3. A chemical that loses a hydrogen ion is behaving as an acid. 


5. A solution of a strong acid has more ions in solution, which 
means it can conduct electricity better than a weak acid. 


7. Water is a weak acid. 


9. The pH of a solution indicates the acidity of the solution as 
judged by the concentration of hydronium ions. 


11. A buffer solution is any solution that resists changes in pH. 
13. A pH of blood that is too hiph or too low can be lethal. 


15. Sulfur dioxide combines with oxygen and water in the air to 
make sulfuric acid. 


17. The ocean absorbs the CO2, where it is neutralized and not 
re-released. 


19. The pH of the ocean has decreased by about 0.1 pH unit over 
the past century. 


21. The pH of this solution goes up after plain water is added, 
as evidenced by the change in hue from magenta to purple. This 
change in hue is easiest to see when the water is added quickly. 
Understand that pH is merely a measure of the hydronium ion 
concentration. As you add water, you dilute the concentration 
of hydronium ions, which has the effect of raising the pH. This 
is analogous to adding water to a sugar solution. The more 
water you add, the more dilute the sugar becomes. But will it be 
possible to bring the pH of the solution to above 7? The answer 
is no because the plain water youre adding also has hydronium 
ions and you wont be able to get to a concentration less than 
thatin the plain water. By analogy, imagine you re diluting cherry 
syrup with gallons and gallons of cherry drink. You will certainly 
be điluting the cherry syrup, but the concentration of the mixture 
will never be less than that of the cherry drink youre using for 
the đilution. 

23. The product of the hydroxide ion and hydronium ion 
concentration is always equal to 1 * 10-14. 5o if the hydroxide 
ion concentration equals 1 * 10-4 M, then the hydronium ion 
concentration must be equal to 1 * 10-10 M because these two 
values multiplied together equal 1 * 10-14. 


25. The pH of this solution is 4, and it is acidic. 
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27. The concentration of hydronium ions in the pH = 1 solution 
is 01 M. Doubling the volume of solution with pure water 
means that its concentration is cut in half. Therefore, the new 
concentration of hydronium ions after the addition of 500 mL of 
water is 0.05 M. To calculate for pH: 


pH = -log [H3O+] = -log (0.05) = -(-1.3) = 1.3 


29. All of these solutions have the same concentration. The 
difference between them is their acid strength. As discussed ín the 
text, hydrogen chloride is a strong acid, which means nearly all of 
the hydrogen chloride molecules donate hydrogen ions to form 
hydronium ions. Acetic acid is a weak acid, which means only a 
few of the acetic acid molecules in solution donate hydrogen ions 
to form hydronium ions. The ammonia behaves better as a base 
than an acid, which means it contributes very few hydrogen ions. 
The ammonia solution, therefore, has the lowest concentration of 
hydronium ions. The acetic acid solution has more hydronium 
ions, but not as many as those found in the hydrogen chloride 
solution. 


31. The pH of the rain has been decreasing (becoming more 
acidic) with increasing atmospheric concentrations of carbon 
đioxiđe. In order of decreasing pH: a 7 b 7 c. 


33. A salt is the ionic compound produced from the reaction of 
an acid and a base. Water is a covalent compound. 


35. Itacts as a base. The negative charges on the oxygen atoms are 
lone pairs, which can accept hydrogen ions. Dissolved in water, 
the phosphate ion pulls hydrogen ions from the water, thereby 
creating hydroxide ions, which makes the solution alkaline. The 
phosphate ion behaves as a base. 


37. According to the Lewis definition, the water is behaving as 
a base because of the positive seeking action of its lone pair of 
electrons. The aluminum ion is behaving as an acid because of its 
negative seeking action. 


39. The positive sodium ion of sodium hypochlorite combines 
with the negative chloride ion of hydrochloric acid. Meanwhile, 
the negative hypochlorite ion combines with the positive 
hydrogen ion to form hypochlorous acid, HOCI. This is the 
answer you should give based upon the concepts presented in 
this chapter. By the way, the hypochlorous acid continues to react 
with hydrogen chloride to form water and poisonous chlorine 
gas, Cl2, which is why bleach and toilet bowl cleaner should 
NEVER be mixed together. 
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41. These molecules behave as acids by losing the hydrogen 
ion from the oxygen atom, which takes on a negative charge. In 
hypochlorous acid, the chlorine atom pulls the negative charge 
toward it because of its great electronegativity. This helps to 
alleviate the oxygen of this negative charge. In other words, the 
negative charge is spread out over a greater number of atoms, 
which facilitiates the formation of the negative charge. The 
hypochlorous acid, therefore, is more acidic. 


43. As can be deduced from their relative positions in the periodic 
table, the fluorine atom is much smaller than the iodine atom. 
The atoms of the H——E bond, therefore, are closer together than 
are the atoms within the H——I bond. When ¡it comes to electric 
attractions, closeness wins. Thus, the H—— F bond 1s stronger. 


45. As given in the answer to question 43, the H——I bond 
is weaker; so It is easier to break. This, in turn, means the 
H—T molecule more readily splits apart to form the hydrogen 
ion. The H——]I, therefore, is a stronger acid. Notably, upon these 
molecules behaving as acids, the resulting fluoride ion, E-, is 
better able to accommodate a negative charge than the resulting 
iodide ion, I- (because of fluorine/s greater effective nuclear 
charge). This would favor the H——F being the stronger acid. 
However, experiments show that the ease of bond breaking is a 
more significant factor in determining bond strength. 


47. The carbonate ion has twice the negative charge as the 
bicarbonate ion. This makes the carbonate ion more likely to 
accept the positively charged hydrogen ion. Also, the carbonate 
ion is a stronger base because it does not “comfortably” 
accommodate the two negatively charged oxygens. Only one 
of these oxygens is able to “flip-flop“ (spread out) its negative 
charge to the double bonded oxygen (see question 46). The 
carbonate ion, therefore, readily accepts a hydrogen ion to help 
“alleviate” this bounty of negative charge. The negative charge 
on the oxygen of the bicarbonate ion, however, is accommodated 
because it can be “flip-flopped” to the adjacent double-bonded 
Oxygen. lts tendency to accept a hydrogen ion, therefore, is less. 


49. a. pH is a measure of the hydronium ion concentration. The 
greater the hydronium ion concentration, the lower the pH. 
According to the information given in this exercise, as water 
warms, the hydronium ion concentration increases, albeit 
only slightly. Thus, pure water that is hot has a slightly lower 
pH than pure water that is cold. 


b. As water warms up, the hydronium ion concentration 
increases, but so does the hydroxide concentration—and by 
the same amount. Thus, the pH decreases, yet the solution 
remains neutral because the hydroniuim and hydroxide 
ion concentrations are still equal. At 40°C, for example, the 
hydronium and hydroxide ion concentrations of pure water 
are both equal to 1.71 * 10-7 moles per liter (the square root of 
Kw). The pH of this solution is the minus log of this number, 
which is 6.77. This is why most pH meters need to be adjusted 
for the temperature of the solution being measured. Except 
for this exercise, which probes your powers of analytical 
thinking, this text ignores the slight role temperature plays in 
pH. Unless noted otherwise, please continue to assume that 
Kw ïs a constant 1.0 * 10-14—in other words, assume that the 
solution being measured ¡is at 24°C. 


51. The sum of the pH and pOH of a solution equals 14. For 
example, if the pH ¡s 7, then the pOH is also 7. Similarly, if the pH 
1s 5, then the pOH must be 9. Interestingly, the sum of the pH and 
the pOH ¡s equal to the negative log of Kw, 10-14, which is 14. 


53. Yes, provided the added acidic solution is less concentrated 
with hydronium ions. Eor example, a 1 M solution of HCI will 
become less acidic if you add a 0.01 M solution of HC] to it. Both 
of these solutions are acidic, but the 1 M solution is more acidic 
than the 0.01 M solution. The 0.01 M solution has the effect of 
điluting the 1 M solution. 


55. The carbon dioxide in your breath reacts with the water to 
produce carbonic acid, which lowers the pH of the water. If you 
understand why rainwater is naturally acidic, youTl understand 
why your breath also is naturally acidic. 


57. The hydrogen chloride, which behaves as an acid, reacts 
with the ammonia, which behaves as a base, to form ammonium 
chloride. The concentration of ammonium chloride ¡in this 
system, therefore, increases while the concentration of ammonia 
đecreases. 


59. While you are alive, your cells continually produce carbon 
dioxide. This carbon dioxide is released into your bloodstream, 
where it is brought to your lungs so that it can be expelled into 
your breath. As you hold your breath, the amount o£ CO2 in your 
blood increases, causing an increase in the carbonic acid in your 
body, and the pH o£ your blood decreases. 


61. Beach sand from the Caribbean and many other tropical 
climates is made primarily of the calcium carbonate remains of 
coral and shelled creatures. Vinegar is an acid, and the calcium 
carbonate is a base. The reaction between the two results in 
the formation of carbon dioxide, which creates bubbles as it is 
formed. California beach sand comes primarily from the erosion 
of rocks and minerals, which are made mostly of inert silicon 
đioxide, SiO2. 


63. The silicon dioxide of granite is inert. The calcium carbonate 
of limestone, however, reacts with the acids of acid rain and 
neutralizes them. 


65. When fossil fuels burn, they react with the oxygen, O2, in the 
air to form gaseous carbon dioxide, CO2, and water vapor, H2O. 
The carbon dioxide reacts with atmospheric moisture to form 
carbonic acid, which lowers the pH of rainwater. As the acidic 
rainwater precipitates into the ocean, it neutralizes alkaline ocean 
salts such as calcium carbonate. This, in turn, lowers the pH of the 
Ocean. 


67. Acid rain is typically localized to regions downwind of 
heavy industry that produces sulfur and nitrogen oxide. Ocean 
acidification, by contrast, results primarily from the release of 
carbon dioxide, which is produced in much greater quantities 
and by a much broader range of sources. Both acid rain and 
ocean acidification are significant problems. Ocean acidification, 
however, is more global in scope and therefore should be of 
Øreater concern. 


69. T1s¡tfair thatdeveloped nations mandate throughinternational 
treaties that developing nations not produce as much carbon 
đioxide as the developed nations have produceđd? lIf the developed 
nations were allowed to emit all that pollution, why couldn/t the 
developing nations do the same? Imagine corporations, whose 
primary goal is to make profits, having this same mentality. Yes, 
countries and industries have the capability to self-regulate, but 
forces being what they are, this self-regulation is not always 
ideal for everyone. This is one of the main responsibilities of 
government, which, ideally, is there to represent the collective 
will. This gives consumers two voices: one with their pocketbook 
and the other in the voting booth. 
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R€edUuCfions 
Charøe the World 


® THE MAIN IDEA 


© 
` mm. 
=> - Oxidation is the loss of electrons, and 
S 


reduction is the gain of electrons. 


_ 
hat do our bodies have in common with the 
^. The chemical reactions going on in your body are burning ofa campfire or the rusting of old 
quite similar to those going on within burning wood. farm equipment? Why đoes silver tarnish? 


In both cases, the products are carbon dioxide, water, : : ï jã 
and energy. How can aluminum restore tarnished silver? Why 1s it 


unwise for people with metal fillings in their teeth to bite 
down on aluminum foil? How are metals produced from 
minerals? How do batteries work, and what is their source 
of energy? What are fuel cells, and how do they generate 
electricity so efficiently? How do photovoltaic cells 


1 Losing and Gaining Electrons 


2 Harnessing the Energy of Flowing 


Electrons làZkxh: = 
convert sunlight into electricity? Why is hydrogen such 
3 Batteries Consume Chemicals an environmentally friendly fuel but not itself a source 
to Generate Electricity of energy? The answers to all these questions involve a 
class of reactions called oxidation-reducHon reaction. These 
4 Fuel Cells Consume Fuel 


reactions are similar to the acid-base reactions in that they 
to Generate Electricity both involve the transfer of subatomic particles between 
reactants. For acid-base reactions, these subatomic 
particles are typically protons. Oxidation-reduction 
reactions, by contrast, involve the transfer of electrons. 


5 Photovoltaics Transform Light 
into Electricity 


ó Electrolysis Produces Chemical 
Change 
7 Metal Compounds Can Be 


Converted to Metals 


8 Oxygen ls Responsible for 
Corrosion and Combustion 
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The Penny Copper Nail 


Copper metal slowly reacts with 
the oxygen in air to form reddish 
copper (|) oxide, Cu„O, which is a 
compound that coats the surface of 
older pennies, making them look 
tarnished. When such a penny is 
placed in a solution of salt in vin- 
egar, the copper (l) oxide acts as 

a base and reacts with the vinegar 
to form copper salts, which dlis- 
solve in the vinegar. This effectively 
cleans the penny. The copper salts 
can then be transformed back into 
copper metal when exposed to an 
iron nail. 


PROCEDURE 


1. Stir about half a teasooon of salt 
into about half a cup of white 


distilled vinegar. Use a nonmetal 
container such as a ceramic or 
plastic bowl. 

2. Dip a tarnished penny halfway 
into the solution and notice the 
rapid cleaning effect. 

3. Add at least a dozen tarnished 
pemnies to the solution. As they 
are cleanedl the concentration 
of copper ions in solution wil| 
increase. 

4. Sandpaper an iron nail to give it 
a clean surface and  then rest the 
nail in the vinegar solution for 
about 10 minutes. Watch for the 
formation of copper metal on 
the nail. 


ANALYZE AND CONCLUDE 


1. Are copper ions positively or 
negatively charged? 


1 Losing and Gaining Electrons 


EXPLAIN THIS 


Why is the chlorine atom such a strong oxidizing agent? 


Oxidation is the process whereby a reactant loses one or more electrons. 
Reduction is the opposite process, whereby a reactant øgains one or more elec- 
trons. Oxidation and reduction are complementary processes that occur at the 
same time. They always occur together; you cannot have one without the other. 
The electrons lost by one chemical in an oxidation reaction don/t simply disap- 
pear; they are gained by another chemical in a reduction reaction. 

An oxidation-reduction reaction occurs when sodium and chlorine react to 
form sodium chloride, as shown in Figure 1. The equation for this reaction is 


2Na(@) + Cl;:(g) —> 2NaCl(s) + heat 


To see how electrons are transferred in this reaction, we can look at each reac- 
tant individually. Each electrically neutral sodium atom changes to a positively 
charged ion. At the same time, we can say that each atom loses an electron and 
1s therefore oxidized: 

2Na(s)>2Na† + 2e” Oxidation 
Each electrically neutral chlorine molecule changes to two negatively charged 
ions. Each of these atoms gains an electron and ¡is therefore reduced: 


Cl;(g) + 2e —>2CI” Reduction 


2. What ¡is the charge on the 


copper atoms within Cu;O? 
What ¡is the charge on the 
oxygen? 


.- What must copper ions gain in 


order to trans†orm back into a 
metallic form? 


. What was the iron of the nail 


able to do for the copper ions? 


LEARNING OBJECTIVE 


ldentify when a chemical 
undergoes oxidation or reduction. 


".-..a.a<‹ 


ls it possible for oxidation to occur 
without reduction? 
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^ Figure † 

In the exothermic formation of sodium 
chloride, sodium metal is oxidized by 
chlorine gas and chlorine gas is reduced 
by sodium metal. 


Little tendency to 
lose or gain electrons 


L] More likely to behave as oxidizing 
agent (be reduced) 


L] More likely to behave as reducing 
agent (be oxidized) 


Noble gas elements resist both 
oxidation and reduction 


^ Figure 2 

The ability of an atom to gain or lose 
electrons is indicated by its position in the 
periodic table. Those at the upper right 
(nonmetals) tend to gain electrons, and 
those at the lower left (metals) tend to 
lose them. 
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The net result is that the two electrons lost by the sodium atoms are 
transferred to the chlorine atoms. Therefore, each of the two equations shown 
actually represents one-half of an entire process, which is why they are each 
a half-reaction. In other words, an electron won/t be lost from a sodium atom 
without the presence of a chlorine atom available to pick up that electron. 
Both half-reactions are required to represent the :øhole oxidation-reduction 
process. Half-reactions are useful for showing which reactant loses electrons 
and which reactant gains them, which is why half-reactions are used through- 
out this chapter. 

Because the sodium causes reduction of the chlorine, the sodium is 
acting as a 7elucins asen†. A reducing agent is any reactant that causes another 
reactant to be reduced. Note that sodium ¡is oxidized when it behaves as a 
reducing agent—it loses electrons. Conversely, the chlorine causes oxida- 
tion of the sodium and so is acting as an oxiđizine asent. Because it gains 
electrons in the process, an oxidizing agent ¡is reduced. Just remember that 
loss of electrons is oxidation and gain of electrons is reduction. Here is a 
helpful mnemonic adapted from a once-popular children“s story: Leo the lion 
went “ger.“ Another widely used mnemonic ¡is OIL RIG-—oxidation is loss 
and reduction is gaïn. 

Different elements have different oxidation and reduction tendencies. 
For example, metals lose electrons readily, while most nonmetals tend to gain 
electrons, as Figure 2 ¡llustrates. 


GOM CEET€CHEGK 


True or false: 
1. Reducing agents are oxidized in oxidation-reduction reactions. 


2.Oxidizing agents are reduced in oxidation-reduction reactions. 


CHECK YOUR ANSWERS Both statements are true. 


WRhether a reaction is classifed as an oxidation-reduction reaction is not 
always immediately apparent. The chemical equation, however, can provide 
some important clues. First, look for changes in the ionic states of elements. 
Sodium metal, for example, consists of neutral sodium atoms. In the forma- 
tion of sodium chloride, these atoms transform into positively charged sodium 
1ons; this occurs as sodium atoms lose electrons (oxidation). A second way to 
1dentify a reaction as an oxidation-reduction reaction is to determine whether 
an element is gaining or losing oxygen atoms. As the element gains the oxygen 
atom, it is losing electrons to that oxygen, because of the oxygen“s high electro- 
negativity. The gain of oxygen, therefore, is oxidation (loss of electrons), while 
the loss of oxygen is reduction (gain of electrons). For example, hydrogen, H.„ 
reacts with oxygen, ©,„ to form water, H;O, as follows: 


H-H + H-H + O=O — H-O-H + H-O-H 


Note that the element hydrogen becomes attached to an oxygen atom through 
this reaction. The hydrogen, therefore, is oxidized. 

A third way to identify a reaction as an oxidation-reduction reaction is to see 
whether an element is gaining or losing hydrogen atoms. The gain of hydrogen 
1s reduction, while the loss of hydrogen is oxidation. Eor the formation of water 
shown previously, we see that the element oxygen 1s gaining hydrogen atoms, 
which means that the oxygen is being reduced—that is, the oxygen is gaining 
electrons from the hydrogen, which ¡is why the oxygen atom within water is 
slightly negative. The three ways of identifying a reaction as an oxidation-reduc- 
tion type of reacton are summarized in Figure 3. 
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Reduction 
(lonic state becomes 
more negative) 


Oxidation 
(lonic state becomes 
more positive) 


Gains electrons 


Loses oxygen 


Gains hydrogen 


GS @©ÔIMCGEnEiIeCG HECKE 
In the following equation, ¡is carbon oxidized or reduced? 


Clnh == /2@b» => (GOb sr 2 lnjf©) 
CHECK YOUR ANSWER As the carbon of methane, CH¿, forms carbon dioxide, 


CO;, ít is losing hydrogen and gaining oxygen, which tells us that the carbon is 
being oxidized. 


2 Harnessing the Eneroy of Flowing Electrons 


EXPLAIN THIS 
Why must a salt bridge also contain water? 


Electrochemistry is the study of the relationship between electrical energy and 
chemical change. lt involves either the use of an oxidation-reduction reaction 
to produce an electric current or the use of an electric current to produce an 
oxidation-reduction reaction. 

To understand how an oxidation-reduction reaction can generate an elec- 
tric current, consider what happens when a reducing agent is placed in direct 
contact with an oxidizing agent: electrons flow from the reducing agent to the 
oxidizing agent. This flow of electrons is an electric current, which is a form of 
kinetic energy that can be harnessed for useful purposes. 

lron atoms, Ee, for example, are better reducing agents than are copper 
lons, Cu^*. So when a piece of iron metal and a solution containing copper ions 
are placed in contact with each other, electrons flow from the iron to the copper 
lons, as Figure 4 illustrates. The result is the oxidation of iron atoms and the 
reduction of copper ions. 

The elemental iron and copper ions need not be in physical contact for elec- 
trons to flow between them. lf they are in separate containers but bridged by a 
conducting wire, the electrons can flow from the iron through the wire to the 
copper ions. The resulting electric current in the wire can be attached to some 
useful device, such as a lightbulb. But alas, an electric current is not sustained 
by this arrangement. 

The reason the electric current is not sustained is shown in Figure 5. 
An initial flow of electrons through the wire immediately results in a buildup 
of electric charge in both containers. The container on the left builds up positive 
charge as it accumulates Fe?* ions from the nail. The container on the right builds 
up negative charge as electrons accumulate on this side. This situation prevents 


4 Figure 3 

Oxidation results in a greater positive 
charge, which can be achieved by losing 
electrons, gaining oxygen atoms, or 

losing hydrogen atoms. Reduction results 
in a greater negative charge, which can be 
achieved by gaining electrons, losing 
oxygen atoms, or gaining hydrogen atoms. 


LEARNING OBJECTIVE 


Show how electricity can be 
generatedl using materials that 
tend to lose or gain electrons. 


_ÔÑ"N. 


Why won't electrons flow continuously 
through a wire connecting iron and 
copper in two containers? 
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Aqueous solution 
of copper ions 


} Figure 5 

An iron nail is placed in water and 
connected by a conducting wire to a 
solution of copper ions. Not much 
happens, because this arrangement results 
in a buildup of charge that prevents the 
†urther flow of electrons. 
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Oxidation Fe ———> Ee' Le” 


Reducion Cu +2e" —> Cu 


^ Figure 4 

A nail made of iron placed in a solution of Cu2† ions oxidizes to Fe2* ions, which dissolve in 

the water. At the same time, copper ions are reduced to metallic copper, which coats the nail. 
(Negatively charged ions, such as chloride ions, C|F, must also be present to balance these posi- 
tively charged ions in solution.) 


any further migration of electrons throuph the wire. Recall that electrons are 
negative, so they are repelled by the negative charge in the right container and 
attracted to the positive charge in the left container. The net result ¡is that the 
electrons do not flow throupgh the wire, and the bulb remains unlit. Put it this 
way: if you were an electron in a positively charged container, would YOU want 
to leave to go to another chamber that was negatively charged? Absolutely not. 
Remember, opposite signs attract and like signs repel. 

The solution to this problem is to allow ions to migrate between containers 
so that neither builds up any positive or negative charge. This is accomplished 
with a salt bridee, which may be as simple as a paper towel soaked in salt water 


This side immediately 
builds up a positive 
charge that attracts 
electrons, preventing 
them from migrating. 


This side immediately 
builds up a negative 
charge that repels 
electrons, preventing 
them from entering. 
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‹& - quÍt, NaNO; salt bridge 1 ¬ 
L/ 


Semiporous 


Oxidaton Fe ——> Fe? + 2e” Reducion (Cu? + 2e —> Cu 


^ Figure ó 

The salt bridge completes the electric circuit. Electrons freed as the iron is oxidized pass 
through the wire to the container on the right. Nitrate ions, NO.~, from the salt bridge flow into 
the left container to balance the positive charges of the Fe2T ions that form, thereby 

preventing any buildup of positive charge. Meanwhile, Na” ions from the salt bridge enter the 
right container to balance the CF ions “abandoned” by the CuT ions as the Cu? ions pick up 
electrons to become metallic copper. 


stretching between both containers. Commonly, a salt bridge ¡is made of a 
U-shaped tube filled with a paste of salts, sụch as sodium nitrate, NaNO,, and 
closed with semiporous plugs. Figure 6 shows how such a salt bridge allows 
lons to enter either container as necessary. This creates a complete electric 
circuit, which permits the flow of electrons through the conducting wire. 


3 _Batteries Consume Chemicals to Generate Electricity 


EXPLAIN THIS LEARNING OBJECTIVE 


sc Phhỷ : xe si 
Why is lithium a preferred metal for making batteries? Dernnoainnao nnonand 


reduction occur within a device 
So we can see that, with the proper setup, it is possible to harness electri- that generates electricity. 
cal energy from an oxidation-reduction reaction. The apparatus shown in 
Figure 6 is one example. Such devices are called øolfaic cells. Instead of two 
containers, a voltaic cell can be an all-in-one self-contained unit, in which case 


1t 1s called a baffery. Batteries are either disposable or rechargeable, and here we 
Ô|“x.. 


explore some examples of each. Althouph the two types differ in design and 

composition, they function by the same principle: two materials that oxidize 

and reduce each other are connected by a medium through which ions travel  What is the principle by which any 
to balance an external flow of electrons. battery works? 
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CHEMICAL 
CONNECTIONS 


How is a flashlight connected 
to a coal-fired power plant? 


) Figure 7 

A common dry-cell battery with a graphite 
rod immersed in a paste of ammonium 
chloride, manganese dioxide, and zinc 
chloride in a zinc cup. 


366 


Lets look at disposable batteries first. The common đ?4/-cell bafter, which 
was invented in the 1860s, is still used today, and it is probably the cheapest 
disposable energy source for flashlights, toys, and the like. The basic design 
consists of a zinc cup filled with a thick paste of ammonium chloride, NHỤ,C]; 
zinc chloride, ZnC];; and manganese dioxide, MnO,. Immersed in this paste 
1s a porous stick of graphite that projects to the top of the battery, as shown 
1n Figure 7. 

Graphite is a good conductor of electricity. Chemicals in the paste 
receive electrons at the graphite stick and so are reduced. The reaction for the 
ammonium Ions 1s 


2NH¿ (aq) + 2e —>2NH;(g) + H;ạ(g) Reduction 


An electrode ¡is any material that conducts electrons into or out of a 
medium in which electrochemical reactions are occurring. The electrode where 
chemicals are reduced is called a cathode. For any battery, such as the one 
shown in Eigure 7, the cathode is always positive (+), which indicates that elec- 
trons are naturally attracted to this location. The electrons gained by chemicals 
at the cathode originate at the anode, which is the electrode where chemicals 
are oxidized. For any battery, the anode ¡is always negative (—), which indicates 
that electrons are streaming away from this location. The anode in Figure Z is 
the zinc cúp, where zinc atoms lose electrons to form zinc ions: 


Zn(s) —>ZnˆÌ(aq) +2e_— Oxidation 
The reduction of ammonium ions in a dry-cell battery produces two øases—— 
ammonia, NH., and hydrogen, H;—that need to be removed to avoid a pres- 


sure buildup and a potential explosion. Removal is accomplished by having the 
ammonia and hydrogen react with the zinc chloride and manganese dioxide: 


ZnCla(aq) + 2 NH:(g) —> Zn(NHa);Cl;(s) 


2 MnO;() + H;(g) —> MnzOs(s) + H;O(l) 


The life of a dry-cell battery is relatively short. Oxidation causes the zinc 
cụp to deteriorate, and eventually, the contents leak out. Even while the battery 


Reduction 2NH¿T +2ec_ > 2NI 1; + H; 


Graphite rod (cathode) 


Zinc cụp (anode) 
(reducing agent) 


Paste 
(NHạCI, ZnCl;,MnO;) 
(oxidizing agent) 


Membrane 


Oxidaion Zn ——> Zn?Ì+2e_ 


Oxidations and Reductions Charge the World 


1s not operating, the zinc corrodes as it reacts with ammonium ions. This zinc 
corrosion can be inhibited by storing the battery ¡in a refrigerator. Chemical 
reactions slow down with decreasing temperature. Chilling a battery, therefore, 
slows down the rate at which the zinc corrodes, which increases the life of the 
battery. 

Another type of disposable battery, the more expensive ñlkaline batfer, 
shown in Figure 8, avoids many of the problems of dry-cell batteries by operat- 
ing ín a strongly alkaline paste. In the presence of hydroxide ions, the zinc is 
oxidized to insoluble zinc oxide: 


Zn(s) + 2OH (aq)>ZnO@) + H;ạO() + 2e Oxidaton 


At the same time, manganese dioxide is reduced: 


2 MnOs,(s) + H;O() + 2e —>Mn;Os(s) + 2H;O()_ Reduction 

Note how these two reactions avoid the use of the zinc-corroding ammonium 
1on (which means alkaline batteries last a lot longer than dry-cell batteries) and 
prevent formation of any gaseous products. Furthermore, these reactions are 
better suited to maintaining a given voltage during longer periods of operation. 

The small mercury and lithium disposable batteries used for calculators 
and cameras are variations of the alkaline battery. In the mercury battery, mer- 
curic oxide, HgO, rather than manganese dioxide, is reduced. Manufacturers 
are phasing out these batteries because of the environmental hazard posed by 
mercury, which 1s poisonous. In the lithium battery, lithium metal, rather than 
zinc, is used as the source of electrons. Lithium not only is able to maintain a 
higher voltage than zinc but also is about one-thirteenth as dense, which makes 
for a lighter battery. 

Disposable batteries have relatively short lives, because electron-producing 
chemicals are consumed in their use. The main feature of zechareenble batter- 
ies is the reversibility of the oxidation and reduction reactions. A noteworthy 
example is the nickel metal hydride, NiMH, battery. Charging this battery causes 
the nickel metal to extract hydrogen from water to form the negatively charged 
hydride ion, shown next as H:, where the two dots represent two electrons." 


HO + 
water 


H:Ni + 
nickel hydride 


HO” 
hydroxide ion 


Ni + e 
nickel metal 


The role of the nickel is to stabilize the two electrons on the hydrogen, 
which because it contains an added electron is called the /dride ion, much the 
way chlorine with an extra electron is called the chioride ion, using the -iđe suf- 
fix. A fully charged battery thus contains an abundance of nickel hydride. As 
the battery provides electricity, the hydride ion releases electrons, which allows 
it to join with the hydroxide ion to re-form water: 


H:Ni + 
nickel hydride 


HO" —> 
hydroxide ion 


HạO + Ni 
water 


+ e_. 
nickel metal 


So recharging a rechargeable battery simply means regenerating the chemi- 
cals that can release electrons on demand. For the NiIMH battery, this chemical 
1s nickel hydride, H:N¡. Eor a traditional car battery, this chemical is simply 
lead, Pb, which transforms into lead sulfate, PbS5O,, as it releases electrons. As 
the car battery is recharged, the Pb5O, is transformed back into lead, Pb. This 
1s an endothermic reaction, which requires the input of energy that comes from 
an on-board generator, also known as the alternator. The alternator, in turn, 
gets its energy from the car“s internal-combustion engine, which is driven by 
the energy of the fuel in the gas tank. 


“The nickel in this reaction is actually an intermetallic compound of nickel and various rare-earth 
elements, such as lanthanum, La. 


^ Figure 8 

Alkaline batteries last a lot longer than 
dry-cell batteries and give a steadier 
voltage, but they are more expensive. 


FORYOUR 


&@ INFORMATION 


A new generation of batteries are 
now being developed in which the 
anode is made of a 3-dimensional 
network of nanowires that cover a 
surface area 10,000 times greater 
than a traditional battery. These 
batteries will hold more energy per 
unit mass and can be re-charged 
in a matter of minutes, rather than 
hours. For the latest information, 
visit PrietoBattery.com. 
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^ Figure 9 

As of 2012, over 2.5 million Prius hybrids 
have been sold worldwide. Look now for 
hybrid vehicles that can be plugged into 
your home electrical outlet, charged at 
night, and driven the next day using no 
gasoline for up to ó0 miles. 


FORYOUR 


3 INFORMATION 


As a battery provides electricity, 
electrons move from the negative 
anode to the positive cathode. When 
a rechargeable battery is being 
recharged, however, what was once 
the negative anode now becomes 

a negative cathode, which is where 
electrons are needed for reduction. 
Because electrons won't travel to 

a negative cathode on their own, 
they must be forced to do so. Hence, 
recharging is an energy-consuming 
process. 


LEARNING OBJECTIVE 


Identify how a fuel cell generates 
electricity. 


".....-‹ 


What is a fuel cell? 
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Rechargeable lithium-ion batteries have found a wide range of applica- 
tions, from computer laptops to cell phones. Safer lithium phosphate ion batter- 
1es are used for hybrid cars, such as the popular Toyota Prius shown in Figure 9. 
Hybrids have improved gas mileage because as the car slows down, its kinetic 
energy is transformed into the electric potential energy of the battery rather 
than being wasted as heat from the car“s brake pads. The captured electrical 
energy of the battery is subsequently used to assist the gas-powered engine to 
get the car moving. Also, the hybrid“s battery system allows the engine to shut 
off when the car is merely idling or moving slowly, as occurs in heavy traffic. 

Continued improvements in battery technology are permitting the produc- 
tion of next-generation hybrids, known as plug-in hybrids, which have much 
larger batteries and smaller fuel tanks. These hybrids can be plugged into 
electrical outlets, charged overnight, and driven the next day for up to 60 miles 
without using any gasoline. This is significant because the typical driver in the 
Dnited States drives less than 40 miles a day. Furthermore, utility companies 
can sell electricity at cheaper rates at night, because their massive generators 
are underutilized at that time. Alternatively, the plug-in hybrid can be charged 
via residential photovoltaic panels or a small wind turbine. Cars that remained 
plugged ¡in during the day would be available to contribute energy back into 
the grid during peak demand——owners of such cars could even be rebated for 
this energy. Furthermore, during an electricity blackout, a family“s plug-in 
hybrid would store enough energy to serve as emergency backup for house- 
hold needs. Plug-in hybrids, with their large and highly efficient batteries, 
offer much to help move individuals and the nation as a whole toward energy 
conservation and independence. 


CON CEPElIE€CHECK 


What chemicals are produced as a nickel metal hydride battery is 
recharged? 


CHECK YOUR ANSWER_ Nickel hydride, H:Ni, and hydroxide ions, HO”. 


4 Fuel Cells Consume Fuel to Generate Electricity 


EXPLAIN THIS 
What is the net balanced equation for the fuel cell depicted in Figure 12? 


A ƒ#mel cell is a device that converts the energy of a fuel to electrical energy. Fuel 
cells are an efficient means of generating electricity. A hydrogen-oxygen fuel 
cell is shown in Figure 10. lt has two compartments, one for entering hydro- 
gen fuel and the other for entering oxygen fuel, separated by a set of porous 
electrodes. Hydrogen ¡is oxidized upon contact with hydroxide ions at the 
hydrogen-facing electrode (the anode). The electrons from this oxidation flow 
through an external circuit and provide electric power before meeting up with 
oxygen at the oxygen-facing electrode (the cathode). The oxygen readily picks 
up the electrons (in other words, the oxygen is reduced) and reacts with water 
to form hydroxide ions. To complete the circuit, these hydroxide ions migrate 
across the porous electrodes and through an ionic paste of potassium hydrox- 
ide, KOH, to join with hydrogen at the hydrogen-facing electrode. 

As the oxidation equation shown at the top of Figure 10 demonstrates, the 
hydrogen and hydroxide ions react to produce energetic water molecules that 
arise in the form of steam. This steam may be used for heating or for generating 
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Oxidation Reduction 


2H;œ) + 4OH (aq) —> 4H;O(g) +áe 4e +O;(g)+ 2H;O@) 


H; 


HO vapor —— 


KOH-containing paste 
H; 


Cathode 


Porous graphite electrodes 


^ Figure 10 

In the hydrogen-oxygen fuel cell, hydrogen, H;, combines with hydroxide ions, OH”, at the 
anode to form water in addition to electrons that power an external circuit. The electrons then 
return to the cathode where oxygen, O„„ combines with water to form hydroxide ions that 
migrate back to the anode. 


electricity in a steam turbine. Furthermore, the water that condenses from the 
steam is pure water, suitable for drinking. 

Although fuel cells are similar to batteries, they will run continuousÌy as 
long as fuel is supplied. The International Space Station uses hydrogen-oxygen 
fuel cells to meet its electricity needs. The cells also produce drinking water 
for the astronauts. Back on the Earth, researchers are developing fuel cells for 
buses and automobiles. As shown in Figure 11, experimental fuel-cell buses are 
already operating ïn several cities, including Vancouver, British Columbia, and 
Chicago, Ilinois. These vehicles produce very few pollutants and can run much 
more efficiently than vehicles that burn fossil fuels. 

A number of problems are associated with using hydrogen as a fuel for fuel 
cells. Perhaps foremost is that hydrogen gas, H.„ is not a naturally abundant mate- 
rial. The hydrogen, therefore, must be manufactured, which is an energy-requiring 
process that defeats much of the utility of the fuel cell. For example, a most direct 
way of producing hydrogen gas is from the electrolysis of water. As described in 
Section 6, electrolysis requires a source of electrical energy. lí this enerey comes 
from a pollution-producing power plant, the environmental benefits of the fuel 
cell are lost. Alternatively, as discussed in SectHon 5, photovoltaic cells can produce 
the electricity needed for electrolysis. But today“s photovoltaic cells are relatively 
expensive to produce, and they only work when the Sun is shining. 

Hydrogen gas, however, can be produced from fossil fuels. The most effi- 
cient and environmentally friendly fossil fuel is methane, CH„ also known as 
natural gas, which is now in great supply because of the advent of fracking. 
When heated with steam in the presence of a catalyst, this methane can be con- 
verted to hydrogen and carbon dioxide: 


CH¿(g) + 2H;O() > 4H + CO; 
methane steam hydrogen carbon dioxide 


> 4OH @q) 


“—— Ô,+H;O vapor 


——>Unreacted O2+ HO VapOF 


^ Figure 11 
Because this bus is poweredl by a fuel cell, 
its tail pipe emits mostly water vapor. 
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) Figure 12 

In the molten carbonate fuel cell (MCFC), 
carbonate ions facilitate the oxidation 

of hydrogen, H;„, at the anode and the 
reduction of oxygen, ©›, at the cathode. 
While the oxygen comes from the 

air, the hydrogen can come from the 
transformation of a gaseous hydrocarbon, 
such as methane. Even compost gas, 
which is mostly methane, can be used as 
the fuel source. 
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A fuel cell now used on an industrial scale is the molten carbonate fuel cell 
(MCEC). These fuel cells have been engineered to work in tandem with the 
on-site production of hydrogen from methane. As shown in Figure 12, the result- 
¡ng hydrogen is oxidized at the anode as it reacts with carbonate ions to produce 
carbon dioxide, water, and electrons. The electrons pass through an external 
circuit providing electric power. Meanwhile, the carbon dioxide is piped to the 
cathode where electrons are received by oxygen, which reacts with the carbon 
dioxide to form carbonate lons. The carbonate ions migrate through the electro- 
lyte back to the anode for subsequent reactions. 

The MCFC can be scaled to create a power plant from a few kilowatts to 
as many as 50 MW. For reference, a typical coal-fired power plant is about 
500 MW. The coal-fired power plant, however, is centralized, producing 
electricity for an entire region. The fuel cell power plant, by contrast, is suitable 
for individual buildings, such as a hospital, factory, or skyscraper (Figure 13). 
It runs quietly, producing few exhausts from the basement or just outside the 
building ¡it serves. Aside from electricity, the MCEC also produces much ther- 
mail energy, which can be used to heat water and ventilation systems, which 
boosts the overall efficiency. 

The electricity from a fuel cell can be used to charge the batteries of an 
electric vehicle. But might the fuel cell also be placed on board to power the 
electric vehicle directly? While only 3 kilograms of hydrogen are needed to 
đrive a car some 500 kilometers, the volume of this much hydrogen is about 
36,000 liters. Compressing the gas into smaller volumes (as occurs in the bus 
shown in Figure 11) or chilling it to the liquid phase is an energy-intensive 
process, and this lowers the efficiencies. Researchers, however, are looking to 
porous materials, such as the carbon nanofibers shown in Figure 14, that can 
hold large amounts of hydrogen to their surfaces, behaving in effect like hydro- 
gen “sponges.“ The hydrogen can be “squeezed” out of these porous materials 
on demand by controlling the temperature—the warmer the material, the more 
hydrogen is released. 

Alternatively, liquid hydrocarbon such as methanol, CH.OH, can also be 
used for fuel cells. With a liquid fuel, miniature cells can be built to power 
portable electronic devices such as smartphones and tablets. Such devices 
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could operate for long periods of time on a single “ampoule” of liquid metha- 
nol available at a local supermarket. The fuel cell industry holds much promise. 
Stay tuned for further developments. 


C1 j AC cu ổ 


As long as fuel is available to it, a given fuel cell can supply electrical 
energy indefinitely. Why can't dry-cell or alkaline batteries do the same? 


CHECK YOUR ANSWER Dry-cell and alkaline batteries generate electricity as 
the chemical reactants they contain are reduced and oxidized. Once these reactants 
are consumed, the battery can no longer generate electricity. 


4 Figure 13 

This energy-efficient 250-kW fuel cell 
power plant built by the Fuel Cell Energy 
Company services the electrical and 
heating needs of the Environmental 
Science Center at Yale University. 


4 Figure 14 

Carbon nanofibers consist of 
near-submicroscopic tubes of carbon 
atoms. They outclass almost all other 
known materials in their ability to absorb 
hydrogen molecules. 
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LEARNING OBJECTIVE 


Describe the nature of n-tybe and 
P-type silicon and explain how 
they can be used to create a 
photovoltaic cell. 


) Figure 15 

Photovoltaic cells come in many sizes, from 
those in a handheld calculator to those in 
a rooftop unit that provides electricity to 

a house. 
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5 _Photovoltaics Transform Light into Electricity 


EXPLAIN THIS 


Does the charge buildup at the n-type/p-type junction increase, stay the 
same, or decrease in the presence of sunlight? 


Photovoltaic cells are the most direct way of converting sunlight to electrical 
energy. Since their invention in the 1950s, photovoltaics have made remark- 
able strides. The first major application was in the 1960s with the U.S. space 
program—space satellites carried photovoltaic cells to power radios and other 
small electronic devices. Photovoltaics gained further momentum during the 
energy crisis of the mid-1970s. 

The cost of receiving electricity through photovoltaics is primarily a func- 
tion of the cost of purchasing the equipment and having it installed. ÀAs of 
2010, a residential 2-kilowatt photovoltaic system is about $15,000. This system 
would pay for itself in savings from utility bills in roughly 12 years. In sunny 
climates, however, the payback time would be quicker. Also, payback time 
will become quicker as the cost of purchasing electricity from fossil fuel-based 
utility companies continues to rise. Furthermore, keep in mind that the price 
of photovoltaic systems continues to drop as photovoltaic cell technology 
improves. Beyond economic reasons, many people are switching to photo- 
voltaic systems simply because it is a clean source of energy and good for the 
environmert. Today“s average residential photovoltaic system has an estimated 
life span of 25 years. 

Worldwide, sales of photovoltaics have grown exponentially over the last 
several decades. Photovoltaics are now a multi-billion-dollar industry with a 
strong promise of continued growth. Because they need minimal maintenance 
and no water, they are well suited to remote or arid regions. Photovoltaics 
can operate on any scale and are on the verge of being cost-competitive with 
electricity from fossil and nuclear fuels. More than a billion handheld calculators, 
several million watches, several million portable lights and battery chargers, and 
thousands of remote communications facilities are powered by photovoltaic cells. 
As Figure 15 illustrates, the range of their usefulness is huge. 

Conventional photovoltaic cells are made from thin slabs of ultrapure sili- 
con. The four valence electrons in a silicon atom allow four single bonds to four 
silicon atoms, as shown in Figure 1óa. This configuration can be changed by 
incorporating trace amounts of other elements that have either more or fewer 
than four valence electrons. Arsenic atoms, for example, have five valence 
electrons each, also shown in Figure 16a. Within the silicon lattice, four of these 
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(a) n-Type silicon 


arsenic electrons participate in bonding with four silicon atoms, but the fifth 
electron remains free. This is #-f/pe silicơn, so called because of the presence 
of free negative charges (electrons) brought in by the arsenic. Boron atoms, on 
the other hand, have only three valence electrons, represented ¡in Figure 1ób. 
Incorporating boron into a silicon crystal lattice creates “electron holes,“ which 
are bonding sites where electrons should be but are not. This is ?-f/pe silic0n, sO 
called because any passing electron is attracted to this hole as though the hole 
Were a positive charge. 

What happens when a slice of #-type silicon is pressed against a slice 
of ø-type silicon? Remember that the #-type contains free electrons and the 
p-type contains electron holes Just waiting to attract any available electrons. 
Sure enouph, electrons migrate across the junction from the ñ-type to the 
p-type, as shown in Figure 17a. This occurs only up to a certain point, how- 
ever, because losing or gaining electrons upsets the electron-to-proton balance. 
As the 1-type silicon loses electrons, it develops a positive charge on its side of 
the junction. As the ø-type silicon gains electrons, it develops a negative charge. 
This charge buildup at the Junction serves as a barrier to continued electron 
migration, as Figure 17b ¡llustrates. 


Free electrons in n-type 
slice repelled by negative 
charge at junction. 


n-Type 


Photovoltaic cells rely on the photoelectric effect, which 1s the ability of 
light to knock electrons away from the atoms in an object. In most materials, the 
electrons either are completely ejected from the object or simply fall back to their 
Ooriginal positions. In a select number of materials, however, including silicon, dis- 
lodged electrons roam about randomly in and among neighboring atoms without 
being locked into any one place, as represented in Figure 18. Hlowever, randơmn 
electron motion is not an electric current, because for every one electron moving 
to the left, there is another canceling that motion by moving to the ripht. Greater 
random motion simply means higher temperatures. This is why solar energy 
shining onfo a piece of silicon produces nothing more than heat. 

The junction barrier between adjacent slices of ?-type and ø-type silicon 
acts like a one-way valve. Electrons knocked loose ¡in the #1-type slice are inhib- 
ited from migrating across the junction to the -type slice. Electrons knocked 


4 Figure 16 

(a) The four valence electrons in a 

silicon atom can form four bonds. The fifth 
valence electron of arsenic is unable to 
participate in bonding in the silicon lattice 
and so remains free. Silicon that contains 
trace amounts of arsenic (or any other 
element whose atoms have five valence 
electrons) is called n-type silicon. (b) Boron 
has only three valence electrons for bond- 
ing with four silicon atoms. One boron~ 
silicon pair therefore lacks an electron for 
covalent bonding. Silicon containing trace 
amounts of boron (or any other element 
whose atoms have three valence electrons) 
is called p-type silicon. 


"H:-.....- 


What happens to n-type silicon as it 
loses electrons to p-type silicon? 


4 Figure 17 

(a) Initially, free electrons migrate from 
the n-type silicon to the p-type silicon. 
(b) Ouickly, however, charge buildup at 
the junction prevents the continued flow 
of electrons. 


Sunlight 


^ Figure 18 

The photoelectric effect in silicon. Light 
rays knock out bonding electrons, which 
are free to travel about the crystal lattice. 
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) Figure 19 

Free electrons in the n-type wafer are 
repelled by the negative charge of 

the p-type wafer. Free electrons in the 
P-type wafer, however, are attracted 

to the positive charge of the n-type 
wafer. The energy of sunlight gets these 
electrons moving to the point that they 
are pushed into an external circuit in a 
unidirectional fashion. 
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loose in the ø-type slice, however, are readily drawn into the 1i-type slice, as 
shown in Figure 19. So the flow of electrons across the barrier is unidirectional, 
always from the ø-type to the 1i-type. 

As Figure 19 shows, a complete electric circuit can be made by connecting 
a wire to the outside faces of the two slices of silicon. When light hits either 
slice, dislodged electrons are forced by the junction barrier to move in one 
đirection: from the ñ-type slice through the wire. This, in turn, creates holes 
in the ø-type slice which accepts electrons returning from the external circuit. 
Thus, rather than being transformed completely to heat, energy from sunlight 
1s transformed to electricity. 


CÔNG EPbICHRECKE 


Why ¡s the unidirectional nature of the n-type/p-type silicon junction so 
important? 


CHECK YOUR ANSWER The unidirectional nature of this junction forces electrons 
knocked loose by the sunlight to flow in a specific direction, which ¡is an electric cur- 
rent. Otherwise, the silicon would merely get warmer. 


The goal of the photovoltaic industry ¡is to create a cell that ¡is highly 
efficient, inexpensive to manufacture, and easily mass-produced. Traditional 
photovoltaic cells manufactured from ultrapure crystalline silicon yield efficien- 
cies as hiph as 15 percent, which is good. However, the high cost of producing 
ultrapure crystalline silicon prevents these cells from being cost-competitive. 
Although great strides have been made in the past 20 years, electricity from 
these cells still remains three to four times more expensive than electricity from 
conventional sources. 

A promising area of photovoltaic research involves the so-called second- 
and third-generation photovoltaic cells. These cells are not produced from 
expensive crystalline silicon. Rather, they are formed as vaporized silicon or 
some other photovoltaic material is deposited on a glass or plastic substrate. 
The resulting films are about 400 times thinner than traditional silicon wafers, 
which saves in material costs. Furthermore, the films are easy to mass-produce. 
The silicon “first-generation” cells, however, are well entrenched in the market, 
which means that it will still be a few years until these updated cells become 
commonly used. By that time, however, all these cells may be supplanted 
by even more efficient fourth-generation cells now being developed using 
nanotechnology. 

Photovoltaic cells are Just one type of sustainable energy technology. Many 
other technologies include wind energy, biomass conversion, and hydroelectric 


pPOWET. 
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ó Electrolysis Produces Chemical Change 


EXPLAIN THIS 
How might electrolysis be used to raise a sunken ship? 


Electrolysis ¡is the use of electrical energy to produce chemical change. The 
recharging of a car battery is an example of electrolysis. Another, shown in 
Figure 20, is passing an electric current through water, a process that breaks 
down the water into its elemental components: 


electricalenergy + 2 H;O() —> 2 H;(g) + O;(g) 


Electrolysis is used to purify metals from metal ores. An example is 
aluminum, the third most abundant element ¡in the Earth/“s crust. Aluminum 
Occurs naturally bonded to oxygen in an ore called bauxite. Aluminum metal 
wasnft known until about 1827, when it was prepared by reacting bauxite 
with hydrochloric acid. This reaction gave the aluminum ion, AIô*, which was 
reduced to aluminum metal, with sodium metal acting as the reducing agent: 


AT + 3Na—> AI + 3Na† 


This chemical process was expensive, which ¡is why the initial price of 
aluminum was well beyond the means of the average person. Aluminum was 
thus considered a rare and precious metal. In 1855, aluminum dinnerware and 
other items were exhibited in Paris with the crown jewels of France. Then, 
in 1886, two men working independently, Charles Hall (1863-1914) in the 
United States and Paul Heroult (1863-1914) in Erance, almost simultaneously 
discovered a process whereby aluminum could be produced from aluminum 
oxide, AL,O;, a main component of bauxite. In what is now known as the Hall- 
Heroult process, shown ïn Figure 21, a strong electric current is passed through 
a molten mixture of aluminum oxide and cryolite, Na2AlF(, a naturally occur- 
ring mineral. The fluoride ions of the cryolite react with the aluminum oxide to 
form various aluminum fluoride ions, such as AIOE,^, which are then oxidized 


Oxidation 2AIOF;7~ + 6E +C€C — 2AIF,¿3~ +CO; + ác” 


Molten AlzOs + NazAlF mixture 


Power source 


5 e 
>———===-—-—-_, : 
Cathode 
\ S= 


AlF,Ö~+ 3e —> Al+6F~ 


AI product : 


Reduction 


LEARNING OBJECTIVE 
Describe examples of electrolysis 


as an application of oxidation/ 
reduction reactions. 


. CHECK 


What is electrolysis? 


^ Figure 20 

The electrolysis of water produces 
hydrogen gas and oxygen gas in a 2:1 ratio 
by volume, in accord with the chemical 
formula for water: H;O. In order for this 
process to work, ions must be dissolved 

in the water so that electric charge can be 
conducted between the electrodes. 


4 Figure 21 

The melting point of aluminum oxide 
(2030°C) is too high for efficiently 
electrolyzing it to aluminum metal. 
Aluminum oxide, however, dissolves in 
molten cryolite at a more reasonable 980°C. 
A strong electric current passed through 
the molten aluminum oxide-cryolite mixture 
generates aluminum metal at the cathode, 
where aluminum ions pick up electrons and 
are thus reduced to elemental aluminum. 
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LEARNING OBJECTIVE 


Review the oxidation-reduction 
chemistry involvedl in the creation 
of common metals. 


"¬".-...‹ 


Which metals are most difficult to 
reduce? 
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to the aluminum hexafluoride ion, AIF,3. The A]?† in this ion is then reduced 
to elemental aluminum, which collects at the bottom of the reaction chamber. 
This process, which is still in use by manufacturers today, greatly facilitated 
mass production of aluminum metal, and by 1890, the price of aluminum had 
dropped to about $2 per pound. 

Today, worldwide production of aluminum is about 16 million metric 
tons annually. For each ton produced from ore, about 16,000 kilowatt-hours of 
electrical energy is required, as much as a typical American household consumes 
in 18 months. Processing recycled aluminum, on the other hand, consumes only 
about 700 kilowatt-hours for every ton. Thus, recycling alumimmum not only 
reduces litter but also helps to reduce the load on power companies, which ïn turn 
reduces air pollution. Eurthermore, reserves of high-quality aluminum oxide ores 
are already depleted in the United States. Recycling aluminum, therefore, alsOo 
helps to minimize the need to develop new bauxite mines in foreign countries. 


CO IUC ETPOCHECK 


ls the exothermic reaction in a hydrogen-oxygen fuel cell an example of 
electrolysis? 


CHECK YOUR ANSWER No. Dưring electrolysis, electrical energy is used to 
produce chemical change. In the hydrogen-oxygen fuel cell, chemical change ¡is used 
to produce electrical energy. 


Z7 Metal Compounds Can Be Converted to Metals 


EXPLAIN THIS 
What type of chemical bond might you expect between two sodium atoms? 


To convert a metal-containing compound to a metal requires an oxidation- 
reduction reaction. In the metal-containing compound, the metal exists as a 
positively charged ion, because it has lost one or more of its electrons to ifs 
bonding partner. To convert metal ions to neutral metal atoms requires that 
they gain electrons; that is, they must be reduced: 


M' + e —> M° 
Metal ion Electron Metal atom 


The tendency of a metal ion to be reduced depends on its location in the 
periodic table, as summarized in Figure 22. Metals on the left in the periodic table 
readily lose electrons. This means it is relatively difficult to give electrons back to 
these metal ions—in other words, they are difficult to reduce. A sodium atom, for 
example, being on the left in the periodic table, loses electrons easily. Any 1onic 
compound it forms, such as sodium chloride, tends to be very stable. Reducing 
the sodium ion, Nar, to sodium metal, NaÐ, is difficult because doïng so requires 
giving electrons to the sodium ion. 

Metals on the left and especially the lower left of the periodic table therefore 
require the most energy-intensive methods of recovery, which include elecfrolsis. 
As was shown in the previous section, during electrolysis, an electric current 
supplies electrons to positively charged metal ions, thus reducing them. Metals 
commonly recovered by electrolysis include the metals of groups 1-3, which 
occur most frequently as halides, carbonates, and phosphates. In addition, 
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aluminum is commonly recovered by electrolysis, and other metals are 
obtained using electrolysis when very hiph purity is needed. The reactions 
involved when copper is produced this way are shown in Figure 23. 


CONC bEPTCHECK 


Wlhy is it so difficult to obtain a group 1 metal from a compoundl containing 
ions of that metal? 


CHECK YOUR ANSWER_ The metal ions do not readily accept electrons to form 
metal atoms. 


Some Metals Are Most Commonly Obtained 
from Metal Oxides 


res containing metal oxides can be converted to metals fairly efficiently in a blasf 
ƒurnace. First, the ore is mixed with limestone and coke, which is a concentrated 
form of carbon obtained from coal. Then the mixture is dropped into the furnace, 
where the coke is ipnited and used as a fuel. At high temperatures, the coke also 
behaves as a reducing agent, yielding electrons to the positively charged metal ions 
in the oxide and reducing them to metal atoms. Figure 24 shows this method being 
used to produce iron, which is found in nature primarily as iron oxide. 

In the furnace, the limestone reacts with ore impurities—predominantly 
silicon compounds—to form slae, which is primarily calcium silicate: 


SiO;(s) + CaCO;(s) => CaSiO;() + CO¿(g) 
Silicasand Limestone Moltenslag  Carbon 


(ore impurity) (calcium silicate) dioxide 


Because of the high temperatures, both the metal and the slag are molten. 
They drain to the bottom of the blast furnace, where they collect in two layers, 
the less dense slag on top. The metal layer ¡is then tapped off through an open- 
¡ng at the bottom of the blast furnace. 
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containing 


Transforming the metal-containing 
compound to a metal is less energy 
intensive 


[7] Transforming the metal-containing 
compound to a metal is more energy 
intensive 


^ Figure 22 

The ions of metallic elements at the 
lower left of the periodic table are most 
difficult to reduce. For this reason, 
obtaining these elements from the 
metal-containing compounds they form is 
energoy intensive. Metallic elements at the 
upper right of the periodic table tend to 
form compound$s that require less energy 
to convert to metals. 


4 Figure 23 

High-purity copper is recovered by 
electrolysis. Pure copper metal deposits 
on the negative electrode as copper ions 
in solution gain electrons. The source of 
these copper ions is a positively charged 
electrode made of impure copper. 
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®) INFORMATION 


World crude steel production 

has grown steadily, from about 

200 million metric tons in 1950 to 
about 1.5 billion metric tons in 2011. 
The worlds leading producer is 
China, which in 2011 produced about 
680 million metric tons (mmt). This 
was followed by Japan (107 mmt) 
and then the United States (8ó mmt). 
So what is the difference between 

a ton and a metric ton? A ton is the 
United States Customary Standard 
unit for 2000 pounds. A metric ton 

is 1000 kilograms, which is equal to 
2205 pounds. So which would you 
rather have: a ton of gold or a metric 
ton of gold? 
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^ Figure 24 

A mixture of iron oxide ore, coke, and  limestone is dropped into a blast furnace, where the iron 
ions in the oxide are reduced to metal atoms. Note how the carbon is oxidized as it gains an 
oxygen atom to form carbon monoxide. 


Once cooled, the metal from a blast furnace is known as a cñsf refal. (When 
the ore is an iron ore, the cast metal is known as ƒØe ïrøn.) A cast metal is 
brittle and relatively soft for a metal because it still contains impurities, such as 
phosphorus, sulfur, and carbon. To remove these impurities, oxygen ¡is blown 
throuph the molten cast metal in a basic oxI/een ƒurnace, shown in Figure 25. 
The oxygen oxidizes the impurities to form additional slag, which floats to the 
surface and is skimmed off. 

Most phosphorus and sulfur impurities are removed in a basic oxygen 
furnace, but the purified metal still contains about 3 percent carbon. For the 
production of iron, this carbon is desirable. Iron atoms are relatively large, and 
when they pack together, small voids are created between atoms, as shown in 
Figure 2ó. These voids tend to weaken the iron. Carbon atoms are small enough 
to fill the voids, and having the voids filled strengthens the iron substantially. 
Iron strengthened by small percentages of carbon ¡s called steel. The tendency 
of steel to rust can be inhibited by alloying the steel with noncorroding metals, 
such as chromium or nickel. This yields the sf/m/ess sfeel used to manufacture 
eating utensils and countless other items. 


Other Metals Are Most Commonly Obtained 


from Metal Sulfides 


Metal sulfides can be purified by flofafion, a technique that takes advantage of 
the fact that metal sulfides are relatively nonpolar and therefore attracted to 
oil. An ore containing a metal sulfide is first pround to a fine powder and then 
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Oxygen 


Slag 


Cast metal 


(a) (b) 


mixed vigorously with a lightweight oil and water. Compressed air ¡is then 
forced up through the mixture. As air bubbles rise, they become coated with 
oil and metal sulfide particles. At the surface of the liquid, the coated bubbles 
form a floating froth, as shown in Figure 27. This froth, which is very rich in the 
metal sulfide, ¡is then skimmed off. 


External pressure 
Pure iron is fairly soft and 


malleable because of 
voids between atoms. 
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When the voids are 

filled with carbon atoms, 
the carbon helps hold 
the iron atoms in their 
lattice. This strengthened 
metal is called steel. 


© 
© 
© 
'© 


) 
© 
© 
se 
- 
©S 


C 

C 

C 

C 

C 
©6&©®® 


© 
C 
C 
© 
C 
C 


^ Figure 2ó 


Steel is stronger than iron because of the small amounts of carbon it contains. 


4 Figure 25 

(a) A flow of oxygen through a basic 
oxygen furnace oxidizes most of the 
impurities in a cast metal to form sÌag that 
may be skimmed away as it floats to the 
surface. (b) The basic oxygen furnace is 
hoisted and its purified contents poured 
into a reservoir used for molding iron 
pieces. 


^ Figure 27 

Air bubbles rising through a flotation 
container transport metal sulfide particles 
to the surface. 
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LEARNING OBJECTIVE 


Compare and contrast the 
processes of corrosion and 
combustion. 


1h....‹--‹ 


What is oxygen so good at doing? 
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The metal sulfides recovered from the froth are then roasfed in the presence 
of oxygen. The net reaction is the oxidation of S”" in the sulfide to S in sulfur 
đioxiđe and the reduction of the metal ion to its elemental state: 


MSGS) + O;(@) > M() + S5O;() 
Metal sulfide Oxygen Metal  Sulfur dioxide 


The isolation of copper from its most common ore, chalcopyrite, CuFeS,„ 
requires several additional steps because of the presence of iron. Eirst, the chal- 
COpyrite is roasted in the presence of oxyøen: 


2CuFe5; + O;(g) —> CuS5() + 2FeO() + 25O;(g) 
Chalcopyrie Oxygen Copper lron Sulfur 
sulide oxide dioxide 


The copper sulfide and iron oxide from this reaction are then mixed with 
limestone, CaCOz, and sand, SiO»›, in a blast furnace, where CuS is converted 
to Cu¿5. The limestone and sand form molten slag, CaSiOs, in which the iron 
oxide dissolves. The copper sulfide melts and sinks to the bottom of the furnace. 
The less dense iron-containing slag floats above the molten copper sulfide and 
1s drained off. The isolated copper sulfide ¡is then roasted to copper metal: 


Cuz5S) + O;(g) —> 2Cu(l) —> SO;) 
Copper Oxygen Copper Sulfur 
sulide metal dioxide 


Roasting metal sulfides requires a fair amount of energy. Furthermore, sul- 
fur dioxide is a toxic gas that contributes to acid rain, so its emission must be 
minimized. Most companies comply with EPA emissions standards by convert- 
¡ng the sulfur dioxide to marketable sulfuric acid, H;SOy. 


G600 C ELEnTreceHECLE 


Of metal chlorides, metal oxides, and metal sulfides, which are most 
polar? Which are least polar? 


CHECK YOUR ANSWER Metal chlorides, such as sodium chloride, tend to be 
most polar, while the metal sulfides, such as copper sulfide, tend to be least polar. The 
oxides, such as iron oxide, tend to be in between. 


8 Oxygen ls Responsible for Corrosion and Combustion 


EXPLAIN THIS 
Do our bodies gradually oxidize or reduce the food molecules we eat? 


Tf you look to the upper right of the periodic table, you will find one of the most 
common oxidizing agents—oxygen. In fact, if you havent guessed already, 
the term 0xiđdafion is derived from the name of this element. Oxygen is able to 
pluck electrons from many other elements, especially those that lie at the lower 
left of the periodic table. Two common oxidation-reduction reactions involving 
oxygen as the oxidizing agent are corrosion and combusHion. 
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€OØNMCEPTCHESCK 


Oxygen is a good oxidizing agent, but so is chlorine. What does this 
indicate about their relative positions in the periodic table? 


CHECK YOUR ANSWER Chlorine and oxygen must lie in the same area of the periodlic 
table. Both have strong effective nuclear charges and are strong oxidizing agents. 


Corrosion is the process whereby a metal deteriorates. Corrosion caused 
by atmospheric oxygen is a widespread and costly problem. About one-quarter 
of the steel produced in the United States, for example, goes into replacing 
corroded iron at a cost of billions of dollars annually. Iron corrodes when it 
reacts with atmospheric oxygen and water to form hydrated iron oxide, which 
1s the naturally occurring reddish-brown substance you know as rust, shown 
1n Figure 28. 


4Fe + 3O; SE 3 HO —> 2 Ee;O% - 3 HạO 
lron (Oxygen Water Rust 


Another common metal oxidized by oxygen ¡s aluminum. The product 
of aluminum oxidation is aluminum oxide, AlzOs, which does not flake away 
from the aluminum. Rather it forms a protective coat that shields the metal 
from further oxidation. This coat is so thin that is transparent, which is why 
aluminum maintains its metallic shine. 

A protective, oxidized coat is the principle underlying a process called 
@ñlonmiznHon. Zinc has a slightly greater tendency to oxidize than does iron. 
For this reason, many iron objects, such as the nails pictured in Figure 29, 


4 Figure 28 

Rust itself is not harmful to the iron 
structures on which it forms. lt is the loss 
of metallic iron that ruins the structural 
integrity of these objects. 


Oxygen 


&@ FORYOUR 
INFORMATION 
The metals used for cathodic 
protection are “sacrificing” 
themselves to be anodes (to lose 
electrons) so that the desired meta 
such as the copper pipe, is spared 
from oxidation. These sacrificing 
metals, therefore, are sometimes 
called sacrificial anodes. 


4 Figure 29 


The galvanized nail (bottom) is protected 


from rusting by the sacrificial oxidation 
of zinc. 


IỆ 
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) Figure 30 

Zinc strips help to protect the iron hull 
of an oil tanker from oxidizing. The zỉnc 
strip shown here is attached to the hull's 
exterior surface. 


FORYOUR 


® INFORMATION 


There are two kinds of matches: the 
strike-anywhere type, usually having 
a “bull's-eye” tip, and the safety 
match, which requires that you strike 
the match on a provided strip. Both 
involve the burning of sulfur within 
the tip of the match. Getting the 
sulfur to burn using only the oxygen 
in the air, however, is difficult, which 
is why the sulfur is blended with an 
oxidizing agent such as potassium 
chlorate, KClOa. For the strike- 
anywhere match, a third ingredlient, 
red phosphorus, P¿, is included. 

The heat of friction causes the red 
phosphorus to convert into white 
phosphorus—an alternative form 

of phosphorus that burns rapidly in 
air. This initiates the redox reaction 
between the sulfur and the potassium 
chlorate, which in turn ignites the 
burning of the matchstick. Safety 
matches work the same way, except 
for the fact that the red phosphorus 
is embedded within the striking strip, 
which is the only place the match can 
be lït. 


) Figure 31 

As electrons flow into the hubcap and give 
it a negative charge, positively charged 
chromium ions move from the solution to 
the hubcap and are reduced to chromium 
metal, which is deposited as a coating on 
the hubcap. The solution is supplied with 
ions as chromium atoms in the cathode are 
oxidized to CrỶ” ions. 
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are ealoanized by coating them with a thin layer of zinc. The zinc oxidizes to 
zinc oxide, an inert, insoluble substance that protects the iron underneath it 
from rusting. 

In a technique called cathodic protecHơn, iron structures can be protected 
from oxidation by placing them in contact with certain metals, such as zinc 
or magnesium, that have a greater tendency to oxidize. This forces the iron to 
accept electrons, which means that it is behaving as a cathode. (Rusting occurs 
only where iron behaves as an anode.) Ocean tankers, for example, are pro- 
tected from corrosion by strips of zinc affixed to their hulls, as shown in Figure 
30. Similarly, outdoor steel pipes are protected by being connected to magne- 
sium rods inserted into the ground. 

Yet another way to protect iron and other metals from oxidation is to coat 
them with a corrosion-resistant metal, such as chromium, platinum, or gold. 
Electroplalng 1s the operation of coating one metal with another by electrolysis, 
and it is illustrated ím Figure 31. The object to be electroplated is connected to a 
negative battery terminal and then submerged in a solution containing ions of 
the metal to be used as the coating. The positive terminal of the battery is con- 
nected to an electrode made of the coating metal. The circuit is completed when 
this electrode ¡is submerged in the solution. Dissolved metal ions are attracted to 
the negatively charged object, where they pick up electrons and are deposited as 
metal atoms. The ions in solution are replenished by the forced oxidation of the 
coating metal at the positive electrode. 

Combustion is a rapid oxidation-reduction reaction between a material and 
molecular oxygen. The burning of a campfire is a good example. Combustion 
reactions are characteristically exothermic (energy-releasing). A violent com- 
bustion reaction is the formation of water from hydrogen and oxygen. 


Chromium electrode 
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The energy from this reaction is used to power rockets into space. More common 
examples of combustion include the burning of wood and fossil fuels. The 
combustion of these and other carbon-based chemicals forms carbon dioxide 
and water. Consider, for example, the combustion of methane, the major com- 
ponent of natural øas: 


CH + 2O; —> CO; + 2H;O + energy 
Methane (Oxygen Carbon Water 
dioxide 

In combustion, electrons are transferred as polar covalent bonds are 
formed ¡in place of nonpolar covalent bonds or vice versa. (This is in con- 
trast with the other examples of oxidation-reduction reactions presented in 
this chapter, which involve the formation of ions from atoms or, conversely, 
atoms from ions.) This concept is illustrated in Figure 32, which compares the 
electronic structures of the combustion starting material, molecular oxygen, 
and the combustion product, water. Molecular oxygen is a nonpolar covalent 
compound. Although each oxygen atom in the molecule has fairly strong 
electronegativity, the four bonding electrons are pulled equally by both 
atoms and thus are unable to congregate on one side or the other. After com- 
bustion, however, the electrons are shared between the oxygen and hydro- 
gen atoms in a water molecule and are pulled to the oxygen. This gives the 
oxygen a slight negative charge, which is another way of saying it has gained 
electrons and has thus been reduced. At the same time, the hydrogen atoms 
in the water molecule develop a slight positive charge, which is another way 
of saying they have lost electrons and have thus been oxidized. This gain of 
electrons by oxygen and loss of electrons by hydrogen is an energy-releasing 
process. Typically, the energy is released either as molecular kinetic energy 
(heat) or as light (the flame). 

Interestingly, oxidation-reduction reactions chemically related to combus- 
tion occur throughout your body. You can visualize a simplified model of your 
metabolism by reviewing Eigure 32 and substituting a food molecule for the 
methane. Food molecules relinquish their electrons to the oxygen molecules 
you inhale. The products are carbon dioxide, water vapor, and energy. You 
exhale the carbon dioxide and water vapor, but much of the energy from the 
reaction is used to keep your body warm, and the rest is tsed to drive the many 
other biochemical reactions necessary for life. 


Oxygen 
Methane 
Œ£ 
Carbon 
dioxide 
. 
O::O 2a+H:O 
a+H 
(a) Reactant oxygen atoms share (b) Product oxygen atoms pull electrons 
electrons equally in Oz molecules. away from H atoms in H;O molecules 


and are reduced. 


CHEMICAL 
CONNECTIONS 


How is your breath connected 


to a campfire? 


4 Figure 32 


(a) Neither atom in an oxygen molecule is 


able to preferentially attract the bonding 


electrons. (b) The oxygen atom of a water 
molecule pulls the bonding electrons away 


from the hydrogen atoms on the water 
molecule, making the oxygen slightly 
negative and the two hydrogens slightly 
positive. 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


ldentify when a chemical undergoes oxidation 
or reduction. (1) 


Show how electricity can be generated using 
materials that tendl to lose or gain electrons. (2) 


Describe how oxidation and reduction occur within a 
device that generates electricity. (3) 


Identify how a fuel cell generates electricity. (4) 


= Ouestions 1-4, 24-25, 32-33, 35-45 


—> Ouestions 5-ó, 4ó-49 


Ỷ 


Ouestions 7-9, 2ó, 50-52 
Ouestions 10-11, 53-55 


Ỷ 


Describe the nature of n-tybe and p-type silicon and explain 


how they can be used to create a photovoltaic cell. (5) 


Describe examples of electrolysis as an application 
of oxidation/reduction reactions. (6) 


Review the oxidation-reduction chemistry involved 
in the creation of common metals. (7) 


Compare and contrast the processes of corrosion 
and combustion. (8) 


SUMMARY OF TERMS 


Anode The electrode where chemicals are oxidized. 
Cathode The electrode where chemicals are reduced. 


Combustion The rapid exothermic oxidation-reduction 
reaction between a material and molecular oxygen. 


Corrosion The deterioration of a metal, typically caused by 
atmospheric oxygen. 


Electrochemistry The study of the relationship between 
electrical energy and chemical change. 


Electrode Any material that conducts electrons into or out of a 
medium in which electrochemical reactions are occurring. 


Electrolysis The use of electrical energy to produce 
chemical change. 


READING CHECK OUESTIONS 


1 Losing and Gaining Electrons 


1. Which elements have the greatest tendency to behave as 
oxidizing agents? 

2. What elements have the greatest tendency to behave as 
reducing agents? 


3. Write an equation for the half-reacHon in which a potas- 
sium atom, K, is oxiđized. 


4. What happens to a reducing agent as it reduces? 


2 Harnessing the Energy of Flowing Electrons 


5. What is electrochemistry? 
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(KNOWLEDGE) 


= Ouestions 12-14, 5é-58, 78-80 


— Ouestions 15—1ó, 27-31, 59-ó3 


—> Ouestions 17—19, ó4-óó 


—> Ouestions 20-23, 34, ó7—-77 


Half-reaction ©One-half of an oxidation-reduction reaction, 
represented by an equation showing electrons as either 
reactants or products. 

Oxidation The process whereby a reactant loses one or 
more electrons. 

Photoelectric effect The ability of light to knock electrons 
away from atoms. 

Reduction The process whereby a reactant gains one or 
more electrons. 


Steel Iron strengthened by small percentages of carbon. 


(COMPREHENSION) 


ó. What is the purpose of the salt bridge in a voltaic cell? 


3 Batteries Consume Chemicals to Generate Electricity 


7. What type of reaction occurs at the cathode? 
8. What type of reaction occurs at the anode? 


9. Does lithium metal accept or donate electrons in a 
lithium battery? 


4 Fuel Cells Consume Fuel to Generate Electricity 


10. What ¡is the prime difference between a battery and a 
fuel cell? 
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11. What else do fuel cells produce besides electricity? 


5 Photovoltaics Transform Light into Electricity 


12. How is ø-type silicon made? 

13. What happens when a slice of -type silicon is joined to a 
slice of ?-type silicon? 

14. Light shining on a slab of pure silicon dislodges electrons 
from the silicon atoms. What happens to these electrons? 


ó Electrolysis Produces Chemical Change 


18. When iron ions are reduced to neutral iron atoms in a blast 
furnace, where do the electrons come from? 

19. How are copper (II) sulfide, CuS, and iron (HH) oxide, 
Fe;O;„ separated from each other in a blast furnace in the 
preparation of copper metal? 


8 Oxygen ls Responsible for Corrosion and 
Combustion 


15. What is electrolysis? How does it điffer from what goes on 
inside a battery? 


1ó. In what year was the efficient electrolysis of aluminum 
điscovered? 


7 Metal Compounds Can Be Converted to Metals 


17. Which group of metals requires the most energy to be 
recovered from metal-containing compounds? 


20. What metal coats a galvanized nail? 

21. What do the oxidation of zinc and the oxidation of 
aluminum have in common? 

22. What are some differences between corrosion and 
combustion? 


23. What happens to the polarity of oxygen atoms as they 
transform from molecular oxygen, ©„„ into water 
molecules, H,O? 


CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


24. Silver tarnishes because it reacts with the small amounts 
of smelly hydrogen sulfide, H,5, we put into the air 
upon digesting our food. In this reaction, the silver 
loses electrons to the sulfur. You can reverse this reac- 
tion by allowing the silver to get its electrons back from 
aluminum. 


Flatten a piece of aluminum foil on the bottom of a 
cooking pot. Fill the pot halfway with water and bring the 
water to a boil. Once the water is boiling, remove the pot 
from its heat source. Add 2 tablespoons of baking soda to 
the hot water. Slowly immerse a tarnished piece of silver 
into the water and allow the silver to touch the aluminum 
foil. You should see an immediate effect once the silver 
and aluminum make contact. (Add more baking soda if 
you đdon(t.) If your silver piece is very tarnished, you may 
notice the unpleasant odor of hydrogen sulfide as it is 
released back into the air. 


As silver tarnishes, is it oxidized or reduced? Is bak- 
¡ng soda, NaHCO;, an ionic compound? Why is it needed 
in this activity? Does aluminum behave as an oxidizing 
agent or a reducing agent as it restores the silver to its 
untarnished state? 


25. Tie, tape, or super-glue an old penny to the end of a piece 
of string. Slowly dịp the penny ïn and out of a solution of 
salt (1/2 teaspoon) and white vinegar (1/4 cup). This will 
clean the penny and dissolve surface copper Ions, which 
are necessary for this activity to work. Without touching 
or drying the penny, lower it into a bottle of fresh seltzer 
water so that the penny remains suspended above the 


water and within the “head“” of carbon dioxide gas. Cap 
the bottle so that the penny remains suspended. Wait 
24 hours and look for signs of blue-green copper 
carbonate. Why do old copper rooftops turn blue-green, 
while old pennies simply become dull? 


26. A battery is made by connecting a metal that tends to lose 
electrons with another metal that tends to gain electrons. 
'Two metals that make for a good battery are copper and 
zinc. For copper, se a penny. For zinc, find a galvanized 
nail and smooth out the tip with some sand paper. Clean 
both the penny and the nail and then hold the two met- 
als simultaneously to the tip of your tongue. Then tilt the 
penny and nail toward each other so that they touch each 
other while also touching your tongue. The moment the 
metals make contact you should sense a small tingling sen- 
sation. That“s the electric current running between the two 
metals. Notice this happens only when the zinc and copper 
are touching, which completes the circuit. You have made 
a battery out of a penny and a nail! Why is the effect more 
pronounced when your tongue is wet with salt water? 


27. Sharpen bofh ends of two small pencils. Hold a tip of each 
pencil to the two terminals of a 9-V battery. Submerge the 
other two tips into some salt water. After a few moments, 
bubbles will start to rise from the submerged tips. Which 
tip is releasing hydrogen? Which is releasing oxygen? 
Add some phenolphthalein solution to the salt water and 
then submerge the top of the battery without using the 
pencils. Why does the water around the positive terminal 
turn pink? Why does this activity quickly ruin the battery 
(which therefore should not be used again)? 
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THINK AND SOLVE (MATHEMATICAL APPLICATION) 


28. Each year about 1.6 X 107 (16 million) metric tons (mt) of 


aluminum are produced. How many grams is this? (Recall 


that 1 mt is 1000 kg.) 


29. Use the following balanced chemical equation to show that 


through electrolysis each year, the production o£ 1.6 < 10 
metric tons of aluminum, AI, produces about 2.0 10 

metric tons of carbon dioxide, CO,. Interestingly, the total 
mass Of our atmosphere is only about 5 x 1015 metric tons. 


4AlO: + 3C—> 4AI + 3CO; 


THINK AND COMPARE (ANALYSIS) 


32. lf you ve learned the concept of electronegativity, rank 
the following elements from the weakest to strongest Oxi- 
đizing agent: 

a. Chlorine, C] 
b. Sulfur, S 
c. Sodium,Na 


33. lf you ve learned the concept of electronegativity, rank 
the following elements from the weakest to strongest 
reducing agent: 


a. Chlorine, C] 
b. Sulfur, S 
c. Sodium, Na 


34. Rank the following molecules from least oxidized to most 
oxidized: 


THINK AND EXPLAIN (SYNTHESIS) 


1 Losing and Gaining Electrons 


35. What element is oxidized in the following equation? 
'What element is reduced? 


lc 2D 201 1gb 


3ó. What element behaves as the oxidizing agent in the 
following equation? What element behaves as the 
reducing agent? 


Ấn ' + 2Ag —>õn + 2Áp" 


37. Hydrogen sulfide, H;5, burns in the presence of oxygen, 
O;„ to produce water, H;O, and sulfur dioxide, SO,. 
Through this reaction, is sulfur oxidized or reduced? 


2H;S + 3O; -> 2H;O + 2SO;, 


38. Unsaturated fatty acids, such as C;„H;„O,„ react with 
hydrogen gas, H„ to form saturated fatty acids, such as 
C;¡;H;„O;. Are the unsaturated fatty acids being oxidized 
or reduced through this process? 
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30. lf you“ve learned about it, use the ideal gas law to show 
that the volume 1.9 * 1013 g of CO, occupies at room tem- 
perature (298 K) and 1 atmosphere of pressure is 1.1 x 1013 
liters. Interestingly, this equals about 11 kmổ, while the 
total volume of our lower atmosphere (the troposphere) is 
about 8 million kmŠ. 


31. Converting aluminum oxide, Al;O;, 1nto aluiminum, 
AI, creates significant amounts of carbon dioxide, CO,, 
throuph the direct chemical reaction. How else does the 
conversion of Al;O› into AI create large amounts of CO,? 


T7 [7 
II=SẴỂŒ=Œ==ÌlH - |==Œ ï lãi 
II | 
lời. lại lãI... lãi 
Ethane Ethanol 
1Í Ï Ì 
H H 


Acetaldehyde Acetic aid 


39. Which atom is oxidized, vÒ or về # 


về e 


40. In the previous exercise, which atom behaves as the 
Oxidizing agent, @ OT % 


41. Which element is closer to the upper right corner of the 
periodic table, vÀ Or °) ? 


œ ô+ © 
h ©@- 
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42. A chemical equation for the combustion of propane, 
C.H¿, 1s shown here. Throuph this reaction, is the carbon 
oxidized or reduced? 

CrHạ SP 5O; —=- 3 CO; SP 4H;O 

43. Upon ingestion, grain alcohol, CH,O, is metabolized 
into acetaldehyde, C.„H,O, which is a toxic substance that 
causes headaches as well as joint païn typical of a hang- 
over. Is the grain alcohol oxidized or reduced as it trans- 
forms into acetaldehyde? 


44. Your body creates chemical energy from the food you eat, 
which contains carbohydrates, lipids, and proteins. These 
are large molecules that first need to be broken down into 
simpler molecules, such as monosaccharides, C.H¡;O,„ 
fatty acids, C,„H;zO;„ and amino acids, CH;NO,. Of 
these molecules, which has the greatest supply of hydro- 
gen atoms per molecule? Which is most reduced in terms 
of the fewest number of oxygen atoms per carbon atom? 
Which can react with the most oxygen molecules to pro- 
duce the most energy? Which provides the most dietary 
Calories per gram? 


45. A single haïr is made of many intertwined strands of kera- 
tin, which is a sulfur-rich fibrous protein. A đjacent strands 
of keratin are held together by sulfur-sulfur bonds. For 
a permanent wave, these bonds are temporarily broken 
so that the hair can be reshaped. A chemical agent is then 
added so that these sulfur-sulfur bonds can be reformed as 
shown here. Should this agent be an oxidizing agent or a 
reducing agent? 


2 Harnessing the Energy of Flowing Electrons 


4ó. Why does a salt bridge only last so long? 


47. Chemical equations need to be balanced not only in terms 
of the number of atoms but also by the charge. In other 
Words, just as there should be the same number of atoms 
before and after the arrow o£ an equation, there should 
be the same charge. Take this into account to balance the 
following chemical equation: 


Sn?” + Ag ->§n + Ag” 


48. Study question 47 before attempting to balance both the 
atoms and charges of the following chemical equation: 


Fe + J => Fe?! + J, 


49. Study question 47 before attempting to balance both the 
atoms and charges of the following chemical equation: 


Ce?'° + CỊ] — Ce?' + Cl; 


3 Batteries Consume Chemicals to Generate Electricity 


S0. Some car batteries require the periodic addition of water. 
Does adding the water increase or decrease the battery“s 
ability to provide electric power to start the car? Explain. 

S1. Why is the anode of a battery indicated with a 
minus sign? 

52. How does turning on the radio while you are driving 
affect the mileage of your øgasoline-consuming car? 


4 Fuel Cells Consume Fuel to Generate Electricity 


53. What are some key advantages that a fuel cell power 
plant has over a coal-fired power plant? 


S4. Is the transformation of carbon dioxide, CO,, into the 
carbonate ion, CO,?, an example of oxidation or 
reduction? Please explain. 


55. Why would a miniaturized fuel cell require a liquid fuel? 


5 Photovoltaics Transform Light into Electricity 


Só. How does blending arsenic atoms into a sample of silicon 
increase the silicon“s ability to conduct electricity? 


57. When you have ø-type silicon and 7-type silicon Joined 
together, why donít electrons dislodged by light in the 
n-type cross the Junction barrier and enter the ø-type? 


58. In an operating photovoltaic cell, electrons move through 
the external circuit to the negatively charged ø-type sili- 
con wafer. How can the electrons move to the negatively 
charged silicon when they themselves are negatively 
charged? Donít like signs repel each other? 


6 Electrolysis Produces Chemical Change 


59. A major source of chlorine gas, CÏ,„ 1s from the electrolysis 
of brine, which is concentrated salt water, NaC] (aq). What 
other two products result from this electrolysis reaction? 
Write the balanced chemical equation. 


60. Jewelry is often manufactured by electroplating an 
expensive metal such as gold over a cheaper metal. Sketch 
a setup for this process. 


61. CloroxÊ is a laundry bleaching agent used to remove 
stains from white clothes. Suggest why the name begins 
with Clor- and ends with -ox. 


62. Iron atoms have a greater tendency to oxidize than do 
copper atoms. Is this good news or bad news for a home 
in which much of the plumbing consists of connected iron 
and copper pipes? Please explain. 

63. Copper atoms have a greater tendency to be reduced than 
đo iron atoms. Was this good news or bad news for the 
Statue of Liberty, whose copper exterior was originally 
held together by steel rivets? 


7 Metal Compounds Can Be Converted to Metals 


64. Metal ores are isolated from rock by taking advantage of 
differences in both physical and chemical properties. Cite 
examples where differences in physical properties are 
used. Cite examples where differences in chemical prop- 
erties are used. 
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65. 


6ó. 
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How does the basic oxygen furnace remove impurities 
from cast metal? 

Why isn/t iron metal commonly obtained by roasting 
1ron ores? 


8 Oxygen ls Responsible for Corrosion and 
Combustion 


67. 


68. 


69. 


70. 


THINK AND DISCUSS 


78. 


79. 


'Water is 88.88 percent oxygen by mass. Oxygen is what a 
fire needs to grow brighter and stronger. So why doesn/t a 
fire grow brighter and stronger when water is added to it? 


Pennies manufactured after 1982 are made of zinc metal, 
Zn, within a coat of copper metal, Cu. Zinc is more easily 
oxidized than copper. Why, then, don't these pennies 
quickly corrode? 


The type of iron that the human body needs for good 
health is the Fe^* ion. Cereals fortified with iron, however, 
usually contain small grains of elemental iron, Fe. What 
must the body do to this elemental iron to make good of 
it—oxidation or reduction? 


The general chemical equation for photosynthesis is 
shown here. Throuph this reaction, are the oxygens of the 
water molecules, H,O, oxidized or reduced? 


6CO; + 6H;O -> C¿H‡;O; + 6O; 


(EVALUATION) 


What if Mars were nicely inhabitable by humans and 
we had developed the technology to transport and settle 
half the world“s population there. At present birth rates, 
how long would it be before we were faced with not one 
but two world populations of 7 billion? (Hint: the world 
population hit 3.5 billion in 1968.) 


se your thoughts from the previous question to explain 
why it is a good idea for developed countries to export 
sustainable energy technology, such as fuel cells and 
photovoltaics, to developing countries where the human 


READINESS ASSURANCE TEST 


]Ƒ you haue a good handle ơn this chapter, then you should be qble to 
score at least 7 out 0ƒ10 ơn this RAT. Check your anst0ers online at 
tuiut0.ConceptualChermistr.com. ]ƒ you score less tham 7, you nneed 
to sHudu ƒurther beƒf0Te 1n001ng 0H. 


Choose the BEST answer to the following. 


1. When lightning strikes, nitrogen molecules, N;„ and oxy- 
gen molecules, Ò;„ in the air react to form nitrates, NO;~, 
which come down in the rain to help fertilize the soil. Is 
this an example of oxidation or reduction? 


a. Oxidation 
b. Reduction 
c. Both 

d. Neither 
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71. 
J/25 


73. 


74. 


75. 


76. 


7/7/b 


80. 


(RAT) 


2. 


3. 


Why is the air over an open flame always moist? 


The active ingredient in most dental teeth whitening for- 
mulas is hydrogen peroxide, H,O„, which readily decom- 
poses into water and what other molecule? Write the 
balanced chemical equation for this decomposition. 


The digestion and subsequent metabolism of foods and 
drugs is an oxidation process. Does this process tend 

to make the molecules of the foods and drugs more or 
less polar? 


Wlhy is it easier for the body to excrete a polar molecule 
than it is to excrete a nonpolar molecule? 


Steel wool wetted with vinegar is sealed inside a balloon 
inflated with air. After several hours, the steel is turning 
to rust. What happens to the volume of the balloon? 


Steel wool wetted with vinegar is stuffed into a narrow- 
mouth round glass bottle. A rubber balloon is then sealed 
over the mouth of the bottle. After several hours, the 
balloon ¡is inflated in the bottle in an inverted manner. 
Explain. 

Does breathing cause you to lose or gain weight? 


population is growing the fastest. 


In the centralized model for generating electricity, a rela- 
tively small number of power plants produce the mas- 
sive amounts of electricity that everyone needs. In the 
decentralized model, electricity is generated by numer- 
ous smaller substations, which may include personal 
wind turbines or photovoltaics. What are the advantages 
and đdisadvantages of each model? When should one be 
favored over the other? 


'What element is oxidized in the following equation? What 
element is reduced? 


SH ĐẠO Con q 2Á” 
a. The tin ion, SnZ*, is oxidized, while the silver, Ag,Is 
reduced. 


b. The tin ion, Sn2*, is reduced, while the silver, Ag,is 
oxidized. 


c. Both the tin ion, Sn?†, and the silver, Ag, are reduced. 


d. Both the tin ion, Sn2, and the silver, Ag, are oxidized. 


'What is the purpose of the salt bridge in Figure 6? 


a. To prevent any further migration of electrons through 
the wire. 
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b. To allow for the buildup of positively charged ions 
in one container and negatively charged ions in the 
other container. 


c. To allow the Ee?† and the Cu?" to flow freely between 
the two containers. 


d. To prevent a buildup of charge in either of the two 
chambers. 


4. How does an atom“s electronegativity relate to its ability to 
act as an oxidizing agent? 


a. The greater the electronegativity of an atom, the 
lower its ability to act as an oxidizing agent. 


b. The lower the electronegativity of an atom, the 
greater its ability to act as an oxidizing agent. 


c. The greater the electronegativity of an atom, the 
greater its ability to act as an oxidizing agent. 


d. Electronegativity does not affect the atom“s ability to 
act as an oxidizing agent. 


5. Sodium metal is 
a. oxidized in the production of aluminum. 
b. reduced in the production of aluminum. 


c. both oxidized and reduced in the production of 
aluminum. 


d. neither oxidized nor reduced in the production of 
aluminum. 


ó. Why does a battery that has thick zinc walls last longer 
than a battery that has thin zinc walls? 


a. Thick zinc walls prevent the battery from 
overheating. 

b. Thicker zinc walls prevent electrons from being lost 
into the surrounding environment. 

c. Thicker zinc walls are chemically more resistant to 
battery acid. 


d. The zinc walls are transformed into zinc ions as the 
battery provides electricity. 


7. How is the junction barrier between ?-type and j-type 
silicon much like a one-way valve? 


a. Only one side of the barrier is exposed to light, which 
causes the electrons to flow ¡in the opposite direction. 


b. The orientation of the charge around the barrier 
allows the electrons to flow ¡in only one đirection. 


c. The electrons can only be lost from the -type 
silicon wafer. 


d. The electrons can only be lost from the p-type 
silicon wafer. 


8. Iron ¡is useful for reducing copper Ions to copper metal. 
Might it also be used to reduce sodium ions to sodium metal? 


a. No, because sodium ions are too difficult to reduce. 


b. Yes, especially in that sodium has such a low 
1onization energy. 


c. Yes, especially in that sodium has such a hiph 
1onization energy. 


d. No, because the sodium ions in turn oxidize the iron. 


9. The general chemical equation for photosynthesis is shown 
here. Through this reaction, are the carbons of the carbon 
dioxide molecules oxidized or reduced? 


6 CO; SP (Ô HạO => CzH:zO¿ 5m l0) ©› 
a. These carbon atoms are oxidized. 
b. These carbon atoms are reduced. 


c. Half of these carbon atoms are reduced, and half are 
Ooxidized. 


d. These carbon atoms are neither oxidized nor reduced. 


10. Most of the carbon of the carbon dioxide you exhale 
ultimately comes from 


a. the carbon dioxide you inhale. 

b. the carbonic acid dissolved in the water you drink. 
c. stomach gases. 

d. bacteria in your gut. 

e 


. the food you eat. 
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COonfextual ChemniStrV 


The Wonder Chemical, but... 


hat chemical holds the 
VV=e for saving the most 
lives? Penicillin? Aspirin? 


Guess again. When it comes to sav- 
¡ng lives, perhaps the most successful 
chemical is chlorine, which has saved 
many millions of us by disinfecting 
our drinking water. For this reason 
alone, chlorine ranks as a “wonder 
chemical,“” but wait, theres morel 
About 85 percent of all pharmaceuti- 
cals and about 95 percent of all crop 
protection chemicals are synthesized 
using chlorine. Chlorine ¡is also an 
important component of many plas- 
tics, and it is used in the manufacture 
of a countless number of products. Ín 
all, about 45 percent of the U.S. gross 
domestic product is in some way 
rooted in chlorine chemistry. In this 
Spotlight, we focus on some of the 
details of the wonders of chlorine, 
beginning with ¡its role in disinfecting 
water and ending with a mindful look 
at some of chlorine's downsides. 

Municipalities chlorinate both 
drinking water and wastewater by 
bubbling chlorine gas, Cl;, through 
the water. The chlorine reacts with 
the water to produce hypochlorous 
acid, HOCI, and hydrogen and chlo- 
ride ions. The hypochlorous acid is a 
weak acid, so it stays in a molecular 
form, as shown next. The hypochlo- 
rous acid molecule ¡is able to pen- 
etrate the nonpolar microbial cell 
walls, which makes it an effective 
disinfectant. 


Clạg) + H;ạO() —> HOCl(aq) 
Chlorine Water 
gas acid 


Hypochlorous 


+ H'(aq) + Cl (aq) 
Chloride 


Ion Ion 


Hydrogen 


Chlorine and hypochlorous acid, 
as well as water-disinfecting bleach 
solutions, can react with organic 
components of drinking and waste 
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waters, creating chlorinated hydro- 
carbons, many of which are cancer- 
causing. Some_ municipalities have 
therefore switched to chlorine diox- 
ide, ClO›, which doesn't form chlori- 
nated hydrocarbons so readlly. 

Most chlorine ¡is manufactured 
from the electrolysis of salt water, 
as shown next. Notably, this reac- 
tion also produces two other valu- 
able chemicals, sodium hydroxide, 
NaOH, and hydrogen, H;. 


2 NaCl(aq) + 2 HạO(l) + electricity —> 
Cl;(g) + 2 NaOH(aq) + H¿;(g) 


Chlorine is useful for the manufac- 
ture of many chemical products, even 
though these products themselves 
contain no chlorine. To create tita- 
nium metal, for example, the mineral 
titanium dioxide is reacted with chỈlo- 
rine to form titanium tetrachloride, 
T¡Cl¿ (sometimes humorously called 
“tickle”), which ¡s then reduced by 
magnesium metal, Mg, as shown in 
the following equations: 


TiO¿ + 2 Cl; + carbon —> T¡iCl¿ + COz 
TiCl¿ + 2 Mg —> 2 MgCl; + Ti 


lnterestingly, titanium tetrachloride 
is the “ink” used by skywriters. When 
the pilot is ready to maneuver the air- 
plane to spell out words, she releases 


a spray of T¡iCl,, which reacts with 
atmospheric moisture to form visibly 
white titanium dioxide particles. 

Chemists designing pharmaceu- 
ticals and crop protection chemicals 
often add chlorine atoms to the 
structure in order to modlify their 
potency. The anti-anxiety agent 
Valiumổ is an example. 

About one-third of the 40 million 
tons of chlorine produced annually 
goes to the manufacture of polyvinyl 
chloride, PVC, which ¡is one of the 
most versatie of all plastics. PVC 
is ubiquitous, being used for pipes, 
flooring, electrical insulation, wallpa- 
per, school supplies, swimming pools, 
and many other common products. 


Valium 


So chlorine has become an integral 
part of modern life. There is an impor- 
tant aspect of chlorine chemistry, 
however, that everyone should be 
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aware of. Specifically, chlorine reacts 
with organic molecules to form a 
class of toxic molecules known as 
persistent organic pollutants, also 
known as POPs. A well-known group 
of POPs are the dioxins, which are 
represented by the compound 2, 
3, 7, 8-tetrachloro-benzo-p-dioxin, 
also known as TCDD. These agents 
cause cancer and  disrupt many bodlly 
systems, especially those related to 
reproduction, immune respbonses, 
and hormones. Children are particu- 
larly susceptible because their bodies 
are still developing. 


ŒCI lộ CI 
Cl O Cl 
TCDD 


All persistent organic pollutants 
share at least three qualities: (1) They 
are chemically stable, so they don't 
decompose in the environment—that 
is, they can “persist” for many years. 
(2) They are nonpolar toxins that tend 
to bioaccumulate within fatty tissues, 
especially in organisms higher in the 
food chain, such as humans. (3) They 
are semivolatile, which enables them 
to evaporate into the atmosphere 
and be carried long distances by the 
wind, so they are found globally. 

Some POPs, such as the insecti- 
cide DDT, are created on purpose. 
Many persistent organic pollutants, 
however, are created inadvertently, 
such as POPs that form upon the 
chlorine bleaching of paper. When 
possible, these POPs are seques- 
tered as wastes. In the past, these 
wastes were not known to be harm- 
ful and they were often improperly 
buried, only to create later environ- 
mental hazards, as occurred at Love 
Canal, New York, in the late 19705s. 

Wherever chỈorine organic com- 
pounds are burned, persistent organic 
pollutants are formed, especially when 
there ¡is a less-than-optimal quantity 
of oxygen available and the burn- 


ing is incomplete. Since the 1970s, 
however, industrial emissions of POPs 
have declined over 90 percent, largely 
due to enforcedl regulations and tech- 
nology that allows cleaner burning. 
Today, the most significant source of 
POPs, especially dioxins, is backyard 
trash burning, typically done in large 
metal barrels. Many  municipalities 
now outlaw this hazardous practice. 

Just as we are surrounded by the 
beneficial products of chlorine, so 
are we surrounded by chlorine's toxic 
by-products. The average American 
diet, for example, provides about 
0.10 nanograms of dioxins per day. 
Even remote regions such as Arctic 
habitats have measurable quantities 
of POPs. In response, nations orga- 
nized the Stockholm Convention 
on Persistent Organic Pollutants ¡in 
2001, during which a global proto- 
col for containing POPs was created 
(http://chm.pops.int). 

You are encouraged to do your 
own literature research. Many web- 
sites, such as www.ejnet.org/dioxin, 
will tell you POPs are a problem of 
epic proportions. Others, such as 
http://chlorine.americanchemistry.com, 
will point to evidence showing 
that the concentration of POPs ¡in 
humans has been reduced dramati- 
cally over the past 30 years, while 
the production of PVC and other 
chlorine compounds has more than 
tripled. Chlorine ¡is indeed a wonder 
chemical, but as with any technol- 
ogy, we need to make sure that the 
benefits are well worth the risks. 
Becoming a well-informed  citizen is 
a good place to start. 


CONCEPTCHECK 


Why should you never discard plas- 
tỉc wrap in a hot barbeque orill? 


CHECK YOUR ANSWER Many 
plastic wraps contain chlorine. The 
combustion of this plastic puts 
forth a large dose of dioxin and 


other POPs directly onto your food 
and into the air you breathe. 


Think and Discuss 


1. _We live in a time when 1.1 billion 
people around the world lack 
access to safe drinking water. 
Chlorne powders, such as 
sodium_ hypochlorite, NaClO, 
however, can provide a family 
with safe drinking water for as 
little as 10 cents a day. What 
agencies or ¡nstitutions should 
be involved in getting such water 
disinfectants to people who need 
them? What obstacles might be 
encountered? How might they 
be overcome? 


2. What would you do ïf you dis- 
covered that your neighborhood 
was built upon a leaking toxic 
waste dump? Might you be able 
to sell your house? What would 
you do if governmental agencies 
told you that there was no proof 
that the toxic wastes were caus- 
¡ng you harm? 


3. The compound tetraethyl lead, 
Pb(CH;CH¿);, was first formu- 
lated with gasoline in the 1920s 
to help car engines run more 
smoothly. lt was known to be 
poisonous to humans, yet a 
ban on leaded gasoline ¡in the 
United States didn't occur until 
the 1970s. ln many countries, 
leaded gasoline ¡s still in use. 
Explain how this does or doesn't 
relate to the chlorine industry. 


4. Why are we not in danger of ever 
running out of chlorine? Does this 
mean that the cost of produc- 
¡ng chlorine will remain relatively 
stable? 


5. How much effort should really be 
put into controlling POPs when 
average life spans of humans con- 
tinue to increase so remarkably? 
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Solutions to Odd-Numbered Chapters Ouestions 


1. The elements in the upper right of the periodic table (except 
for noble gases) have the greatest tendency to behave as 
oxidizing agents. 


3. K=>KT+1e~" 


5. Electrochemistry is the study of the relationship between 
electric energy and chemical change. 


7. Reduction occurs at the cathode. Remember the “red cat.” 
9. The lithium donates electrons. 


11. Fuel cells also produce the chemical products of the 
electricity-generating chemical reactions. A hydrogen fuel 
cell, for example, produces clean water suitable for drinking. 


13. Electrons migrate from ñ-type silicon to -type silicon 
across the Junction when these two slices of silicon are pressed 
close together. 


15. Electrolysis uses electric energy to produce a chemical 
change, whereas a battery uses a spontaneous chemical change 
to produce electric energy. Both involve oxidation-reduction 
reactions. 


17. Metals located toward the lower left corner of the periodic 
table, which have the greatest tendency to lose electrons, 
are the most difficult metals to recover from metallic 
compounds. 


19. Copper (I) sulfñde and iron (HH) oxide are mixed with 
limestone and sand and are heated. The iron (HH) oxide 
dissolves in the CaS5iO, formed, and the copper sulfide melts 
and goes to the bottom of the furnace, where it is removed. 


21. After oxidation, both zinc and aluminum form water- 
insoluble oxidized coats, which are impervious to penetration 
by air and moisture, that prevent further oxidation. 


23. The oxygen atoms become somewhat negatively charged, 
which means they are gaining electrons. 


25. As described in the Hands-On Chemistry activity at the 
beginning of this chapter, old copper pennies turn dull as the 
surface copper reacts with atmospheric oxygen to form copper 
oxides. Dipping the old penny in the salt-vinegar solution 
causes the copper oxides to react with the acetic acid of the vinegar 
to form copper acetate, Cu(CH,CO,)„. When the copper acetate 
1s exposed to the carbon dioxide (which turns into carbonic acid) 
of the seltzer water, the blue-green copper carbonate, CuCO., 1S 
formed. Copper roofs tend to turn blue-green as they react with the 
carbon dioxide of the air and carbonic acid of the rain. Similarly, a 
penny left in the raïn for a long time will turn blue-preen. 
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27. The energy of the battery is causing the electrolysis of water, 
which generates one volume of oxygen for every two volumes 
of hydrogen. Note that a greater volume of gas is arising 
from the negative terminal. Therefore, oxyøen gas, O;, arises 
from the positive terminal and hydrogen gas, H„ arises from 
the negative terminal. Without the pencils, the conditions are 
not good for the formation of oxygen gas. Instead, hydroxide 
lons, OH”, are formed at the positive terminal, and this turns 
the phenolphthalein pH indicator pink. The battery is quickly 
ruined because placing it in the conducting liquid short-circuits 
the terminals, which results in a large drain on the battery. 


29. First, convert metric tons of aluminum to grams of 
aluminum and then to moles of aluminum. Then follow the 
coefficients of the balanced equation to calculate the moles of 
carbon dioxide formed. Finally, convert from moles of carbon 
dioxide to grams of carbon dioxide to metric tons of carbon 
dioxide: 


(1.6 <x 10! mt AJ)(1000 kg/1 mt)(1000 g/1 kg) 
(1 mole AI/27.0 g Al)( moles CO, /4 moles A]) 
(44 g CO,/1 mole CO,)(1 kg/1000 g)(1 mt/1000 kg) 
= 2.0 x 1013 mt of CO, 


31. This reaction is endothermic, requiring the input of electric 
energy, which is typically produced by the burning of carbon 
đioxide, which produces fossil fuels. 


33. A reducing agent causes other materials to gain electrons. 
lt does so by its tendency to lose electrons. Atoms with low 
electronegativity tend to lose electrons easily; therefore, they 
also behave as strong reducing agents. 5Sodium, Na, has the 
weakest electronegativity, which means it behaves as the 
strongest reducing agent of these three elements. (However, it 
1s the weakest oxidizing agent of these three elements). Sulfur, 
5, is in between, and chlorine, with its greatest electronegativity, 
behaves as the weakest reducing agent. 


35. The iodine atoms, L, gain electrons and are reduced; the 
bromine ions, Br7, lose electrons and are oxidized. 


37. The sulfur is oxidized as it gains oxygen atoms to form 
sulfur đioxide. 


39. The atom that loses an electron and thus gaïns a positive 
charge (the red one) was oxidized. 


41. The one that gains a negative charge (the red one) is more 
likely located closer to the upper right-hand corner of the periodic 
table. An example is sodium chloride, NaCL, where the sodium 
(on the left side of the periodic table) loses an electron to acquire a 
positive charge, Na”. The chlorine (on the ripht side of the periodic 
table) gaiïns an electron to acquire a negative charge, CT. 
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43. There is a lower ratio of hydrogen atoms ïn the acetaldehyde 
product, which tells us that the grain alcohol is being oxidized. 


45. The sulfur is losing hydrogen, so it ¡is being oxidized. 
An oxidizing agent, therefore, is needed. A dilute solution of 
hydrogen peroxide, HO; is typically used. 


47. Recognize that there is a total charge of2+ with the reactants, 
but a total charge of 1+ with the products, which is not balanced. 
To balance the charges, we need two silver ions, AE. But to 
account for two silver ions, we also need two silver atoms, Ag, 
as follows: 


Sn?!+2 Ag->5n+ Ag† 


49. The first step is to balance the atoms by showing two 
chloride ions, C]”, before the arrow: 


Cho Ð®CT =+ẽ +1, 


This brings the total charge of the reactants to 2+, while the 
total charge of the products is 3+, which is not balanced. To 
balance the charges, we need two Ce#” ions and two CeŸ† ions 
as follows: 


2C TC s9 ri 


51. The anode is where oxidation takes place, and free-roaming 
electrons are generated. The negative sign at the anode of a 
battery indicates that this electrode is the source of negatively 
charged electrons. They run from the anode through an external 
circuit to the cathode, which bears a positive charge to which 
the electrons are attracted (see Figure 7). 

Interestingly, when a battery is recharged, energy is used to 
force the electrons to move ín the opposite đirection. In other 
words, during recharging, the electrons move from the positive 
electrode to the negative electrode—a place they would never 
go without the input of energy. Electrons are thus gained at 
the negative electrode, which is now classified as the cathode 
because the cathode ¡is where reduction occurs and the gain of 
electrons 1s reduction. 


53. The fuel-cell power plant produces electricity with greater 
energy efficiency while also producing fewer pollutants. Built on 
a smaller scale, the fuel-cell power plant operates on-site, which 
means there is no need for long transmission lines. Significantly, 
the heat generated by the fuel-cell power plant is immediately 
available for heating the water and ventilation systems. Thịis is 
in contrast to a coal-fired power plant, where excess heat is lost 
to the environment. 


55. A liquid fuel is much denser than a gaseous fuel, which 
means it occupies much less volume. lf the goal is to have the 
fuel cell miniaturized, then the denser liquid fuel is the way to 
go. Perhaps the miniaturized fuel cell could tap into a reservoir 
Of gaseous fuel from an ađjacent compact bundle of nanofibers. 
Liquid fuels, however, are handled more conveniently. 


57. Electrons dislodged by light in the z-type silicon don/t cross 
the junction because the junction is unidirectional. Electrons 
can only move from the ø-type to the -type silicon throuph the 
Junction. 


59. The electrolysis of brine (salt water) yields chlorine gas, C].„ 
in addition to sodium hydroxide, NaOH, and hydrogen gas, H;. 


2 NaC] (aq) +2 H;O —> 2 NaOH (aq) + Cl; (g) +2 H; (g) 


61. The active ingredient contains chlorine atoms, which behave 
as strong oxidizing agents. 


63. If copper has a greater tendency to become reduced 
compared to iron, electrons will preferentially flow from the 
iron to the copper (and then onto oxygen as indicated ¡in the 
answer to question 25). Corrosion is thus accelerated around the 
interface of these two metals. This was one of the prime reasons 
the Statue of Liberty required a full restoration in 196. 


65. Oxygen, O„„ is blown into the molten cast metal. This causes 
impurities, such as compounds of phosphorus and sulfur, to 
become oxidized. These oxidized impurities are less dense than 
the molten cast metal, which means they float to the surface, 
where they can be skimmed. 


67. The oxygen is chemically bound to hydrogen atoms to make 
water, which is completely different from oxygen, ©,„ which is 
required for combustion. Another way to phrase an answer to 
this question would be to say that the oxygen in water is already 
“reduced” ín the sense that it has gained electrons from the 
hydrogen atoms to which it is attached. Being already reduced, 
this oxygen atom no longer has a great attraction for additional 
electrons. 


69. The body must oxidize the elemental iron, Ee, into the iron 
2+ion, Fe?T. 


Z1. One of the products of combustion is water vapor. 


73. The digestion and subsequent metabolism of foods and 
drugs tend to make the molecules of foods and drugs more 
polar. Oxidation is one of the ways the body does this. 


75. The volume of the balloon shrinks by about 20 percent 
because the iron of the steel wool is absorbing the oxygen to 
form rust. 


77. The air we exhale is somewhat more massive than the air 
we inhale because it contains a greater proportion of the heavier 
carbon đioxide molecules. Interestingly, the added water vapor 
in our exhaled breath is less massive than the oxygen it replaced, 
but not enough to counteract the much greater mass of the 
carbon dioxide. Breathing causes you to lose weight. 


79. With a growing population comes ørowing energy needs. 
How should these needs be met? With coal-fired power plants 
and more nuclear power plants? Both require centralized 
infrastructure of power lines, transformers, utility meters 
and more. Where will the money come from to build this 
infrastructure? What about the pollution generated by these 
power sources? Consider the alternative of a decentralized 
power where each home ¡is equipped with its own source 
of power in the form of environmentally friendly fuel cells, 
photovoltaics, or wind turbines. 
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From Chapter 12 of Cơnceptual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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Vanillin 


^- Organic molecules can be quite tasty, especially those 


that provide the flavor of our favorite ice cream. 


1 Hydrocarbons Contain Only 


Carbon and Hydrogen 


2 Unsaturated Hydrocarbons Have 


Multiple Bonds 


=i Functional Groups Give Organic 


Compounds Character 


4 Alcohols, Phenols, and Ethers 
Contain Oxygen 

5 Amines and Alkaloids Contain 
Nitrogen 


ó Carbonyl-Containing Compounds 
An Example of Organic Synthesis 


Organic Molecules Can Link to 


Form Polymers 


ọ A Brief History of Plastics 
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CrØanIiC 
COom)DOundS 


THE MAIN IDEA 


Carbon can form a limitless number of 
chemical structures. 


( tem atoms have the rare ability to bond with 

themselves repeatedly. This allows the building 

of large molecular stuctures. Add to this the fact 
that carbon atoms can also bond with atoms of other 
elements and you see the possibility of an endless number 
of đifferent carbon-based molecules. Each molecule has 
i1ts own unique set of physical, chemical, and biological 
properties. The flavor of vanilla, for example, is perceived 
when the compound øøllin is absorbed by the sensory 
Organs in the nose. Vanillin is the essential ingredient in 
anything having the flavor of vanilla—without vanillin, 
there 1s no vanilla flavor. The flavor of chocolate, on the 
other hand, is generated when not Just one, but a wide 
assortment of carbon-based molecules are absorbed in 
the nose. Ône of the more significant of these molecules 
1s fetramethulpurazine. Life is based on carbon“s ability to 
form diverse structures. Reflecting this fact, the branch of 
chemistry that is the study of carbon-containing chemical 
compounds has come to be known as organic chemistry. 
Because organic compounds are so closely tied to living 
Organisms and because they have many applications— 
from flavorings to fuels, polymers, medicines, agriculture, 
and more—it is important to have a basic understanding 
of them. 


Organic Compounds 


treated with isopropyl alcohol? 
How ¡s this similar to or different 
from what happened with the 
egg yolk? 


Rubbing the Wrong Way 


See firsthand the destructive action 
of isopropyl alcohol on proteins. 


PROCEDURE 


HỄ 


Crack open an egg and place the 
egg white and the yolk into two 
separate bowls. 


. How might the proteins within 


microbes respond to isopropyl 
alcohol? How might the tissues 
f your mouth and digestive 
system respond to isopropyl 
alcohol? (Hint: isopropyl 
a 


S 


2. Pour a capful of isopropyl alcohol cohol is a serious poison 
th and observe when ingested. Do NOT ingest 
Ề isopropyl alcohol.) Are all 
3. In the second bowl, scramble the bổ Hệ ) 


yolk with a fork. Add a 

capful of isopropyl alcohol to the 
stirred yolk and observe what 
happens. 


proteins destroyed by isopropyl 
alcohol? Might the proteins of 
your skin be different from the 
type of proteins found in your 
digestive system? 


3. Why is isopropyl alcohol useful 
for cleaning your skin prior to a 
shot? Might skin oils, grime, and 
dirt be easily wiped away with a 
cotton swab soaked in isopropyl 
alcohol? Why or why not? 


ANALYZE AND CONCLUDE 


1. What happens to the color of egg 
whites when they are cooked? 
What happened to the color of 
the egg whites when they were 


+1 Hydrocarbons Contain Only Carbon and Hydrogen 


EXPLAIN THIS LEARNING OBJECTIVE 


: : . 
How is a road like an oil spill? Identify the structures of 
hydrocarbons. 


"-..-.—- 


What types of atoms are found in 
hydrocarbons? 


We begin with the simplest organic compounds—those consisting of only 
carbon and hydrogen. Organic compounds that contain only carbon and 
hydrogen are called hydrocarbons. The simplest hydrocarbon ¡is methane, 
CHI¿, with only one carbon per molecule as shown in Figure 1 on the next page. 
Methane is the main component of natural gas. The hydrocarbon octane, CạH1;, 
has eight carbons per molecule and is a component of gasoline. The hydrocar- 
bon polyethylene contains hundreds of carbon and hydrogen atoms per mol- 
ecule. Polyethylene is a plastic used to make many familiar items, such as milk 
containers and plastic bags. 

Hydrocarbons may differ in the way the carbon atoms connect to one 
another. Figure 2 shows the three hydrocarbons pentane, isopentane, and neo- 
pentane. These hydrocarbons have the same molecular formula, CzH¡;, but they 
are structurally different from one another. The carbon framework of pentane 1s 
a chain of five carbon atoms. In isopentane, the carbon chain branches, so that 
the framework is a ƒf0ur-carbon chain branched at the second carbon. In neopen- 
tane, a central carbon atom is bonded to four surrounding carbon atoms. 
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} Figure 1 
Hydrocarbons are made of hydrogen 
atoms (shown in white) and carbon atoms 


(shown in black). All hydrocarbons are non- 


polar. Light hydrocarbons, such as meth- 
ane, tend to be gaseous. Medium-sized 
hydrocarbons, such as octane, are liquids. 
Heavier hydrocarbons, such as polyethyl- 
ene, are solid. 


) Figure 2 

These three hydrocarbons all have the 
same molecular formula. We can see their 
different structural features by highlighting 
the carbon framework in two dimensions. 
Easy-to-draw stick structures that use lines 
†or all carbon-carbon covalent bonds are 
also useful. 
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Methane, CHạ Octane, CsH:s Polyethylene 


'We can see the different structural features of pentanes, isopentane, and neo- 
pentane more clearly by drawing the molecules in two dimensions, as shown 
¡in the middle row of Eigure 2. Alternatively, we can represent them by the sf/ck 
sfrucfures (sometimes called line-angle drawings or skeletal structures) shown 
1n the bottom row. A stick structure is a commonly used shorthand notation for 
representing an organic molecule. Each line (stick) represents a covalent bond, 
and carbon atoms are understood to exist at the end of any line wherever two 
or more straight lines meet (unless another type of atom is drawn at the end 
of the line). Any hydrogen atoms bonded to the carbons also typically are not 
shown. Instead, their presence is assumed so that the focus can remain on the 
structure formed by the carbon atoms. 

Molecules such as pentane, isopentane, and neopentane have the same 
molecular formula, which means they have the same number of the same kinds 
of atoms. The way these atoms are put together, however, is different. We say 
that each has its own configuration, where the term configuration refers to how 
the atoms are connected. Different configurations result in different chemical 
structures. Molecules with the same chemical formula but different configura- 
tions (and hence, different structures) are known as structural isomers. Structural 
isomers are different from each other, having different physical and chemi- 
cal properties. For example, pentane has a boiling point of 36°C, isopentane“s 
boiling point is 30”C, and neopentane“s is 10°C. 

The number of possible structural isomers for a chemical formula increases 
rapidly as the number of carbon atoms increases. There are three structural 
1somers for compounds having the formula CszH›, 18 for CạHs, 75 for CịoH;, 
and a whopping 366,319 for C›oH¿¿! 


H 
| sÌ HH - „ 
H HH HH H H—C—H 8 lổi 
hà, | HS ¬: 
<— sYV.. tả HN LH 
H C Œ H lC h ®%“=“.rH G @ 
ng T / N/, 7 /. wc/ Ñ 
HB HH HH H HH H H HH H 
Pentane, CszHìz lsopentane, CsH¿ Neopentane, CzH; 
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^ Figure 3 

Three conformations for a molecule of pentane. The conformation changes as bonds rotate as 
indicated by the blue arrows. The molecule looks different in each conformation, but the five- 
carbon framework is the same in all three conformations. ln a sample of liquid pentane, the 
molecules are found in all conformations—not unlike a bucket of worms. 


A carbon-based molecule can have different spatial orientations, called 
conformations. Flex your wrist, elbow, and shoulder Joïnts and you']l find your 
arm passing through a range of conformations. Likewise, organic molecules 
can twist and turn about their carbon-carbon single bonds and thus have a 
range of conformations. The structures in Figure 3, for example, are different 
conformations of pentane. In the language of organic chemistry, we say that the 
confieuration of a molecule such as pentane has a broad range of c0nƒorrmations. 
Change the configuration of pentane, however, and you no longer have pen- 
tane. Rather, you have a different structural isomer, such as isopentane, which 
has its own range of different conformations. 


CONCEPTCHECGK 


Which carbon-carbon bond was rotated to go from the “before” confor- 
mation of isopentane to the “after” conformation? 


°s : 
a G a C 
d 

d 


Before After 


CHECK YOUR ANSWER Bond “c.” This rotation is similar to that of the arm of 
an arm wrestler who, with the arm just above the table while on the brink of losing, 
suddenly gets a surge of strength and swings the opponent's arm through a half-circle 
arc and wins. The best way to understand the geometrical shapes of organic molecules 
is to get your hands on a set of molecular models. 


b b 
a & =” Hư 
^~⁄4d 
d 


Before After 


The number of carbon atoms within a hydrocarbon ¡is indicated by the 
hydrocarbons name, as shown in Table 1. 

When the hydrocarbon is branched, the name of the hydrocarbon is based 
upon the longest carbon chain. Smaller branches off this longest chain are writ- 
ten as a prefix ending ïn -/Í. As shown in Table 1, a one-carbon branch would 
be indicated by the prefix methyl, where #£f- means a single carbon. Also, 
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CHEMICAL 
CONNECTIONS 


How is aspirin connected to 
petroleum? 


Organic Compounds 


TABLE 1 Namas of Simple Straight-Chain Hydrocarbons 
FORMULA HYDROCARBON NAME =Y[ PREEIX 


(6lmh methane methyl 
C;H¿ ethane ethyl 


C;Hạ propane propyl 
CaH:o butane butyl 
CzH:; pentane pentyl 
C,H:„ hexane hexyl 
C;H1¿ heptane heptyl 
CạH:s octane octyl 
CạH;o nonane nonyl 


C;oHaa decane decyl 


the longest chain ¡is numbered to indicate where the branching takes place. 
For example, the following compound ¡is 3-methylhexane because it has a 
methyl group branching off the third carbon of hexane: 


2 4 6 


longest chain 


branch off 3rd carbon 


Below is the structure for 2,3-dimethylhexane, which tells us that there are 
two methyl groups—one located at the second carbon and another located at 
the third carbon. Number the longest chain backwards and you would have 
4,5-dimethylhexane, which ¡s the identical structure. The convention, however, is 
to always use the lowest numerals possible when naming an organic compound. 


€CONGCGEPET€CHECTE 


Neopentane, shown ¡in Figure 2, has an alternate name based upon the 
above naming methodology. What is this alternate name for neopentane? 


CHECK YOUR ANSWER Neopentane also goes by the name 
2,2-dimethylpropane. The “di” is a prefix that means two, which in this case means two 
methyls. The numerals tell us on what carbon these two methyÌ groups are attached. 
Note that in this case, the numeral 2 is used twice because each group needs its own 
number. For more practice at naming structures, see the questions at the back of 
this chapter. 


Hydrocarbons are obtained primarily from coal and petroleum. Most of 
the coal and petroleum that exist today were formed between 290 million and 
354 million years ago, when plant and animal matter decayed in the absence 
Of oxygen. At that time, the Earth was covered with extensive swamps that, 
because they were close to sea level, periodically became submerged. The 
Organic matter of the swamps was buried beneath layers of marine sediments 
and was eventually transformed to either coal or petroleum. 
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Coal is a solid material containing many large, complex hydrocarbon 
molecules. Most of the coal mined today is used for the production of steel and 
for generating electricity at coal-burning power plants. 

Petroleum, also called crude oil, is a liquid readily separated into its hydro- 
carbon components through a process known as ƒracHonal đisHllaHon, shown 
in Figure 4. The crude oil is heated to a temperature high enough to vaporize 
most of its components. The hot vapor flows into the bottom of a fractionating 
tower, which 1s warmer at the bottom than at the top. As the vapor rises in the 
tower and cools, the various components begin to condense. Hydrocarbons that 
have hiph boiling points, such as tar, condense first at warmer temperatures. 
Hydrocarbons that have low boiling points, such as gasoline, travel to the cooler 
regions at the top of the tower before condensing. Pipes drain the various liquid 
hydrocarbon fractions from the tower. Natural gas, which is primarily methane, 
does not condense. lt remains a gas and ¡s collected at the top of the tower. 


€ONCEPTCHECKE 


Do the heavier or the lighter molecules of crude oil rise to the top of the 
†ractionation tower? 


CHECK YOUR ANSWER' The lighter molecules found in crude oil are the ones 
that rise highest within the fractionation tower. These are the molecules that have the 
lower boiling points. So the lower the boiling point is, the higher the molecules rise. 


Differences in the strength of molecular attracHions explain why different 
hydrocarbons condense at different temperatures. Ïn a comparison of induced 
dipole-induced dipole attractions in methane and octane, larger hydrocarbons 
experience many more of these attractions than smaller hydrocarbons do. For 
this reason, the larger hydrocarbons condense readily at hiph temperatures and 
SO are found at the bottom of the tower. Smaller molecules, because they experi- 
ence fewer attractions to neighbors, condense only at the cooler temperatures 
found at the top of the tower. 

The gasoline obtained from the fractional distillation of petroleum con- 
sists of a wide variety of hydrocarbons having similar boiling points. Some 
of these components burn more efficiently than others in a car engine. The 
straight-chain hydrocarbons, such as hexane, burn too quickly, causing what 
1s called engine knock, as illustrated in Figure 5. Gasoline hydrocarbons that 
have more branching, such as isooctane, burn slowly and result in the engine/s 
running more smoothly. These two compounds, heptane and isooctane, are 
used as standards in assigning ocfame raHnss to gasoline. An octane number 
of 100 is arbitrarily assigned to isooctane, and heptane is assigned an octane 
number of 0. The anti-knock performance of a particular øasoline is compared 
with those of various mixtures of isooctane and heptane, and an octane nưm- 
ber is assigned. Figure ó shows the octane information appearing on a typical 


gasoline pump. 
Natural gas 
COOLER 
=—> Gasoline 
== 


=——>Kerosene 
= 


3 


Pipe still =—>Diesel 


=—> Lubricants 


'WARMER 


FORYOUR 


3 INFORMATION 


We are placing unusually large 
amounts of carbon dioxide into 

the atmosphere by burning fossil 
fuels. The atmosphere, however, 

is not the only possible repository 
for the carbon dioxide we produce. 
The smokestacks of power plants, 
for example, can be modified to 
capture CO;, which is then liquefied 
and pumped kilometers deep into 
the ground. Underground storage 
of carbon dioxide is already being 
employed at the Salah natural gas 
refinery in Algeria. Such a system, 
however, has its costs. The price 

of electricity from a COz-capturing 
coal-fired power plant would rise by 
about 20 percent. The long-term costs 
of not implementing such systems, 
however, may be even greater. 


4 Figure 4 
A schematic for the fractional distillation 
of petroleum into its useful hydrocarbon 
components. 
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) Figure 5 

(a) A straight-chain hydrocarbon, such as 
hexane, can be ignited from the heat 
generated as gasoline is compressed by 
the piston—before the spark plug fires. 
This upsets the timing of the engine 
cycle, giving rise to a knocking sound. 
(b) Branched hydrocarbons, such as 
isooctane, burn less readily and are ignited 
not by compression alone, but only when 
the spark plug fires. 


^ Figure ó 

Octane ratings are posted on gasoline 
pumps. Most modern car engines are 
designed to run optimally on regular 
octane gasoline. For such cars, 
higher-octane gasoline may provide 
poorer performance at greater cost. 


LEARNING OBJECTIVE 


Identify the structures of 
unsaturated hydrocarbons. 
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v22 


Hexane 


se. 


lsooctane 


CÔ hNc ch nCchECk 


Which structural isomer shown in Figure 2 should have the highest octane 
rating? 


CHECK YOUR ANSWER The structural isomer with the greatest amount of 
branching in the carbon framework will likely have the highest octane rating, making 
neopentane the clear winner. For your information, the ratings are as follows: 


Compound Octane Rating 
Pentane ó1.7 
lsopentane 225) 
Neopentane 11ó.0 


2 Unsaturated Hydrocarbons Have Multiple Bonds 


EXPLAIN THIS 


With four unpaired valence electrons, how can carbon bond to only three 
adjacent atoms? 


Carbon has four unpaired valence electrons. As shown in Figure 7, each of these 
electrons is available for pairing with an electron from another atom, such as 
hydrogen, to form a covalent bond. 
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Also 
Lá S vờ 
Covalent bond 
Carbon* four 
valence electrons H H_/ " 


C °H —> H: C3 H H— n H 

R H | 

H H 
Methane 


In all the hydrocarbons discussed so far, including the methane shown in 
Figure 7, each carbon atom is bonded to four neiphboring atoms by four single 
covalent bonds. Such hydrocarbons are known as saturated hydrocarbons. The 
term s“frafed means that each carbon has as many atoms bonded to it as pos- 
sible. We now explore cases where one or more carbon atoms in a hydrocarbon 
are bonded to fewer than four neighboring atoms. This occurs when at least 
one of the bonds between a carbon and a neighboring atom is a multiple bond. 
A hydrocarbon that has a multiple bond——either double or triple—is known as 
an unsaturated hydrocarbon. Because of the multiple bond, two of the carbons 
are bonded to fewer than four other atoms. These carbons are thus said to be 
—I1satHrated. 

Figure 8 compares the saturated hydrocarbon butane with the unsaturated 
hydrocarbon c/s-2-butene. The number of atoms that are bonded to each of the 
two middle carbons of butane is four, whereas each of the two middle carbons 
of c¡s-2-butene is bonded to only three other atoms——a hydrogen and two car- 
bons. 

A generic word for a saturated hydrocarbon is a/kzne. All of the molecules 
discussed in Section 1 are examples of alkanes. This is indicated by the suffix 
-ane, as in bufane. Unsaturated hydrocarbons containing one or more double 
bonds are called alkenes. This is indicated by the suffix -ene, as in butene. 

An important aspect of the double bond of alkenes is that it cannot rotate 
more than a few degrees. By analogy, connect two gumdrops with a single 
toothpick and youll be able to hold one gumdrop while rotating the other. 
Connect the two gumdrops with two toothpicks, however, and this rotational 
motion doesn”t work because the two toothpicks can twist only so far. The sig- 
nificance of this for alkenes is what we call cis/trans isomeristm. We use the prefix 
c¡s to indicate a structure in which the bulk of the carbons are on the same side 
of the length of the double bond, as shown in Figure 9.We use the prefix f7as 
to indicate a structure in which the bulk of the carbons are on opposite sides of 
the length of the double bond. 

An important unsaturated hydrocarbon (alkene) is benzene, C,H, which 
may be drawn as three double bonds contained within a flat hexagonal ring, as 
1s sShown in Figure 10a. Unlike the double-bond electrons in most other unsatu- 
rated hydrocarbons, the electrons of the double bonds in benzene are not fixed 
between any two carbon atoms. Instead, these electrons move freely around 
the ring. This is commonly represented by drawing a circle within the ring, as 
shown ïin Figure 10b, rather than showing individual double bonds. 


Saturated hydrocarbon Únsaturated hydrocarbon 


H H H H 


H H H H '¬. v 

X :vý .- ` 
b sư. si. H NĂc. 
Tà. CƠN 
bố l E1 H H 


Butane, CaH¡o cis-2-Butene, CHạ 


4 Figure 7 

Carbon has four valence electrons. Each 
electron pairs up with an electron from a 
hydrogen atom in the four covalent bonds 
of methane. 


¬..---- 


What type of hydrocarbon has double 
or triple bonds? 


4 Figure 8 

The carbons of the hydrocarbon butane 
are saturated, each being bonded to four 
other atoms. Because of the double bond, 
two of the carbons of the unsaturated 
hydrocarbon cis-2-butene are bonded to 
only three other atoms, which makes the 
molecule an unsaturated hydrocarbon. 
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) Figure 9 

The cis-isomer has the bulk of carbon 
atoms on the same side of the length of 
the double bond. The trans-isomer has 
these carbons on opposite sides. As a 
mnemowic, think “cis-same-side.“ 


(a) (b) 


^ Figure 10 

(a) The double bonds of benzene, C„H,„ 
are able to migrate around the ring. 

(b) For this reason, they are often 
represented by a circle within the ring. 


} Figure 11 

The structures for three odoriferous 
organic compounds containing one or 
more benzene rings: toluene, naphthalene, 
and 1,4-dichlorobenzene. 
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PhỘ Tu 
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C=C ⁄ N/ 
H H H H 
cis-2-butene trans-2-butene 


Many organic compounds contain one or more benzene rings in their struc- 
ture. Because many of these compounds are fragrant, any organic molecule 
confaining a benzene ring 1s classified as an aromatic compound (even If it is not 
particularly fragrant). Figure 11 shows a few examples. Toluene, a common sol- 
vent tised as a paint thinner, is toxic and gives airplane glue ifs distinctive odor. 
Some aromatic compounds, such as naphthalene, contain two or more benzene 
rings fused together. At one time, mothballs were made of naphthalene. Most 
mothballs sold today, however, are made of the less toxic 1,4-dichlorobenzene. 

Unsaturated hydrocarbons containing a triple bond are called alkynes. An 
example of an unsaturated hydrocarbon containing a triple bond ¡is ethyne, 
which traditionally is more widely known as acetylene, CạH;. A confined flame 
of acetylene burning in oxygen is hot enouph to melt iron, which makes acety- 
lene a choice fuel for welding (Figure 12). Alkynes are generally not as common 
as alkanes or alkenes. 


CO MUCEcp bUCHECK 


Prolonged exposure to benzene increases the risk of developing certain 
cancers. The structure of aspirin contains a benzene ring. Does this indi- 
cate that prolonged exposure to aspirin wilÌ increase a person'“s risk of 


developing cancer? 
@) 


Benzene ring OH 


Aspirin 


CHECK YOUR ANSWER No. Although benzene and aspirin both contain a 
benzene ring, these two molecules have different overall structures and quite differ- 
ent chemical properties. Each carbon-containing organic compound has ïts own set of 
unique physical, chemical, and biological properties. While benzene may cause cancer, 
aspirin works as a safe remedy for headaches. 


ỌY 


Toluene Naphthalene 1,4-Dichlorobenzene 
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H—C=EL—H 


Acetylene 


3 Functional Groups Give Organic Compounds Character 


EXPLAIN THIS 
Why are there so many different organic compounds? 


Carbon atoms can bond to one another and to hydrogen atoms in many ways, 
which results in an incredibly large number of hydrocarbons. But carbon atoms 
can bond to atoms of other elements as well, further increasing the number of 
possible organic molecules. In organic chemistry, any atom other than carbon 
or hydrogen in an organic molecule is called a heteroatom, where /efero- means 
“đifferent from either carbon or hydrogen.” 

A hydrocarbon structure can serve as a framework for the attachment of 
various heteroatoms. This is analogous to a Christmas tree“s serving as the scaf- 
folding on which ornaments are hung. Just as the ornaments give character to 
the tree, heteroatoms give character to an organic molecule. Heteroatoms have 
profound effects on the properties of an organic molecule. 

Consider ethane, C;H¿, and ethanol, C;H¿O, which differ from each 
other by only a single oxygen atom. Ethane has a boiling point of —88°C, 
making it a gas at room temperature, and it does not đissolve in water very 
well. Ethanol, by contrast, has a boiling point of +7Z8°C, making ¡it a liquid 
at room temperature. It ¡is infinitely soluble in water, and it ¡is the active 
ingredient of alcoholic beverages. Consider further ethylamine, C;H;N, 
which has a nitrogen atom on the same basic two-carbon framework. This 
compound is a corrosive, pungent, highly toxic gas—most unlike either 
ethane or ethanol. 

Organic molecules are classified according to the functional groups they 
contain. We define a functional group as a combination of atoms that behave 
as a unit. Most functional groups are distinguished by the heteroatoms they 
contain, and some common groups are listed in Table 2. Notice that the struc- 
tures shown in Table 2 are not the structures of complete molecules. The atoms 
highlighted in blue, however, are all the atoms that go together to make a par- 
ticular functional group. 

The remainder of this chapter introduces the classes of organic molecules 
shown in Table 2. The role heteroatoms play in determining the properties 
of each class is the underlying theme. As you study this material, focus on 
unđerstanding the chemical and physical properties of the various cÏasses of 
compoundđs, for doïng so will give you a greater appreciation of the remarkable 
diversity of organic molecules and their many applications. 


4 Figure 12 

The unsaturated alkyne acetylene, C.H„ 
(formally known as ethyne), when burned 
in this torch, produces a flame hot enough 
to melt iron. 


LEARNING OBJECTIVE 


Discuss the significance of 
heteroatoms in organic 
compounds. 


..,"`"" 


What is a heteroatom? 
FORYOUR 


3 INFORMATION 


lt is common for organic chemists 
to use the letter R to indicate an 
unspecified hydrocarbon coming off 
a functional group. For example, an 
alcohol can be indicated as R—OH, 
while an ether can be indicated 
as R—O—R. The R could equal a 
methyl group, —CH;, an ethyl group, 
—CH,CH:, or any other group of 
carbon atoms as shown in Table 1. 
FORYOUR 


&@ INFORMATION 


The chemistry of hydrocarbons 

is interesting, but start adding 
heteroatoms to these organic 
molecules and the chemistry becomes 
extraordinarily interesting. The 
organic chemicals of living organisms, 
for example, all contain heteroatoms. 
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H—C—C—H Ethane 
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|. # 
H—C— lân O Ethanol 


| H 
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LEARNING OBJECTIVE 


Review the general properties of 
alcohols, phenols, and ethers. 
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TABLE 2 Functional Groups in Organic Molecules 
GENERAL STRUCTURE CLASS GENERAL STRUCTURE CLASS 


Alcohols È Aldehydes 


Phenols @ Amides 


Ethers Carboxylic acid 


Amines Œ Esters 


Ketones 


CONCEPTCHECK 


What is the significance of heteroatoms in an organic molecule? 


CHECK YOUR ANSWER_ Heteroatoms largely determine an organic molecule's 
physical and chemical properties. 


4 Alcohols, Phenols, and Ethers Contain Oxygen 


EXPLAIN THIS 
What do alcohols, phenols, and ethers have in common? 


Alcohols are oreanic molecules in which a n/droxul eroup 1s bonded to a saturated 
carbon. The hydroxyl group consists of an oxygen bonded to a hydrogen. Because 
of the polarity of the oxygen-hydrogen bond, low-formula-mass alcohols are 
often soluble in water, which is itself very polar. Some common alcohols and their 
melting and boiling poïnts are listed in Table 3. 

More than 11 billion pounds of methanol, CHạOH, ¡is produced annually 
in the United States. Most of it is used for making formaldehyde and acetic 
acid, important starting materials in the production of plastics. In addition, 
methanol is used as a solvent, an octane booster, and an anti-icing agent in 
gasoline. Sometimes called wood alcohol because it can be obtained from 
wood, methanol should never be ingested because in the body, it is metabolized 
to formaldehyde, H;CO, and formic acid, HCO;H. Formaldehyde ¡is harmful to 
the eyes, can lead to blindness, and was once used to preserve dead biological 
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specimens. Formic acid, the active ingredient in an ant bite, can lower the pH 
of the blood to dangerous levels. Ingesting only about 15 milliliters (about 3 
tablespoons) of methanol may lead to blindness, and about 30 milliliters can 
cause death. 

Ethanol, C;H;:OH, on the other hand, ¡is the “alcohol“ of alcoholic bever- 
ages, and it is one of the oldest chemicals manufactured by humans. Ethanol 
is prepared by feeding the sugars of various plants to certain yeasts, which 
produce ethanol throuph a biological process known as ƒ£rmenfation. Ethanol 
1s also widely used as an industrial solvent. For many years, ethanol intended 
for this purpose was made by fermentation, but today industrial-grade ethanol 
1s more cheaply manufactured from petroleum by-products such as ethene, as 
Figure 13 illustrates. 

The liquid produced by fermentation has an ethanol concentration 
no greater than about 12 percent, because at this concentration, the yeast 
cells begin to die. This is why most wines have an alcohol content of about 
12 percent—they are produced solely by fermentation. To attain the higher 
ethanol concentrations found in such “hard” alcoholic beverages as gin and 
vodka, the fermented liquid must be distilled. In the United States, the ethanol 
content of distilled alcoholic beverages is measured as ø7ooƒ, which is twice the 
percentage of ethanol. An 86-proof whiskey, for example, is 43 percent ethanol 
by volume. The term Ø7øøƒ evolved from a crude method once employed to test 
alcohol content. Gunpowder was wetted with a beverage of suspect alcohol 
content. If the beverage was primarily water, the powder would not ignite. 
lf the beverage contained a significant amount of ethanol, the powder would 
burn, thus providing “proof“ of the beverage's worth. 

A third well-known alcohol is isopropyl alcohol, also called 2-propanol. 
This 1s the rubbing alcohol you buy at the drugstore. Although 2-propanol 
has a relatively high boiling point, it evaporates readily, leading to a pro- 
nounced cooling effect when it ¡is applied to skin—an effect once used to 
reduce fevers. (Isopropyl alcohol is very toxic if ingested. See the Hands-On 


TABLE 3 Some Simple Alcohols 


SCIENTIFIC 
NAME 


Methanol 


MELTING BOILING 
COMMON NAME |_ POINT €) POINT (°€) 


Methyl alcohol =3; ó5 


STRUCTURE 


Ethanol 


Ethyl alcohol 


lsopropyl 
alcohol 


2-Propanol 


4 Figure 13 

Ethanol can be synthesized from the 
unsaturated hydrocarbon ethene, with 
phosphoric acid as a catalyst. 


FORYOUR 


& INEORMATION 


dust as the body metabolizes 
methanol into formaldehyde, 

HCOH, ït metabolizes ethanol 

into acetaldehyde, CHạCOH. 
Acetaldehyde won't cause blindness, 
but it does lead to some painful side 
effects, which people who drink too 
much experience as part of their 


hangover. 
FORYOUR 


&@ INFORMATION 


Alcohols can be classified as being 
primary, secondary, or tertiary. In a 
primary alcohol, the hydroxyl group 
is attached to the terminal carbon 
of a carbon chain. An example 

is ethanol, shown in Table 3. ln a 
secondary alcohol, the hydroxyÌ group 
is attached to a central carbon, as 
seen with 2-propanol. For a tertiary 
alcohol, the hydroxyl group is 
attached to a carbon that is bonded 
to three other carbon atoms, as 
occurs in 2-methyl-2-propanol. Can 
you draw this structure? 
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) Figure 14 

The negative charge of the phenoxide ion 
is able to migrate on certain positions on 
the benzene ring. This mobility helbs to 
accommodate the negative charge, which 
is why the phenolic group readily donates 
a hydrogen ion. 


":...‹a‹‹ 


ls the phenol group slightly acidic or 
slightly basic? 


` ˆ 
ø ` 
_ 5= BI 
À ⁄ 
G 
/ ` 


Phenolic group 


&@ FORYOUR 
INFORMATION 
We're classifying organic molecules 
based upon the functional groups 
they contain. As you will see shortly, 
however, organic molecules may 

contain more than one type of 
functional group. A single organic 
molecule, therefore, might be 
classified as both a phenol and 
an ether. 


| | 
= 


Ether group 
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Chemistry activity at the beginning of this chapter to understand why. In place 
of isopropyl alcohol, washcloths wetted with cold water are nearly as effective 
¡in reducing fever, and they are far safer.) You are probably most familiar with 
the use of isopropyl alcohol as a topical disinfectant. 

Phenols contain a phenolic group, which consists of a hydroxyl group 
bonded to a benzene ring. Because of the presence of the benzene ring, the 
hydrogen of the hydroxyl group is readily lost in an acid-base reaction, which 
makes the phenolic group mildly acidic. 

The reason for this acidity is illustrated in Figure 14. How readily an acid 
donates a hydrogen ion is a function of how welÏl the acid is able to accommodate 
the resulting negative charge it gains after donating the hydrogen ion. After a 
phenol donates the hydrogen ion, it becomes a negatively charged phenoxide ion. 
The negative charge of the phenoxide ion, however, is not restricted to the oxygen 
atom. Recall that the electrons of the benzene ring are able to migrate around the 
ring. In a similar manner, the electrons responsible for the negative charge of the 
phenoxide ion are also able to migrate around the ring, as shown in Eigure 14. Just 
as it is easy for several people to hold a hot potato by quickly passing it around, it 
1s easy for the phenoxide ion to hold the negative charge because the charge gets 
passed around. Because the negative charge of the ion is so nicely accommodated, 
the phenolic group is more acidic than ¡it would be otherwise. 


G OM€CEPTGHEGK 


Why are alcohols less acidic than phenols? 


CHECK YOUR ANSWER_ An alcohol does not contain a benzene ring adjacent 
to the hydroxyl group. lf the alcohol were to donate the hydroxyl hydrogen, the result 
would be a negative charge on the oxygen. Without an adjacent benzene ring, this 
negative charge has nowhere to go. As a result, an alcohol behaves only as a very weak 
acid, much the way water does. 


The simplest phenol, shown ¡in Figure 15, is called phenol. In 1867, 
Joseph Lister (1827-1912) discovered the antiseptic value of phenol, which, 
when applied to surgical instrtuments and incisions, greatly increased surgery 
survival rates. Phenol was the first purposefully used antibacterial solution, 
Or đ#isepfic. Phenol damages healthy tissue, however, so a number of milder 
phenols have since been introduced. The phenol 4-hexylresorcinol, for example, 
is commonly used in throat lozenges and mouthwashes. This compound has 
even greater antiseptic properties than phenol, yet it does not damage tissue. 
Listerine® brand mouthwash (named after Joseph Lister) contains the antiseptic 
phenols thymol and methyl salicylate. 

Ethers are organic compounds structurally related to alcohols. The oxygen 
atom in an ether group, however, is bonded not to a carbon and a hydrogen, 
but rather to two carbons. As we see in Figure 16, ethanol and dimethyl ether 
have the same chemical formula, C;H¿O, but their physical properties are 
vastly different. Whereas ethanol is a liquid at room temperature (boiling 
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©H HO ©^H 


»Š `.“ ØOH 


Phenol 4-Hexylresorcinol Thymol Methyl salicylate 


^ Figure 15 
Every phenol contains a phenolic group (highlighted in blue). 


point 78°C) and mixes quite well with water, dimethyl ether is a gas at room 
temperature (boiling point -25°C) and is much less soluble in water. 

Ethers are not very soluble in water because, without the hydroxyl group, 
they are unable to form strong hydrogen bonds with water. Furthermore, with- 
out the polar hydroxyl group, the molecular attractions among ether molecules 
are relatively weak. As a result, little energy 1s required to separate ether mol- 
ecules from one another. This is why low-formula-mass ethers have relatively 
low boiling points and evaporate so readily. 

Diethyl ether, shown in Figure 17, was one of the first general anesthetics. 
The anesthetic properties of this compound were discovered in the early 1800s, 
and its use revolutionized the practice of surgery. Because of its high volatil- 
1ty at room temperature, inhaled diethyl ether rapidly enters the bloodstream. 
Because this ether has low solubility in water and high volatility, it quickly 
leaves the bloodstream once introduced. Because of these physical properties, 
a surgical patient can be brought into and out of eeneral anesthesia (a state of 
unconsciousness) simply by regulating the gases breathed. Modern-day gas- 
eous anesthetics have fewer side effects than diethyl ether, but they operate on 
the same principle. 


H HE HH 
| 1J # H O_ —H 


Z“ 
jH=t.=.=E H H H H 
| /Ñ. ứA `». 
HH H HH H MB. s 3à, ›  ê. 
“À..Z 
Ethanol: Soluble in water, Dimethyl ether: Insoluble in water, H HH H 
boiling point 78°C boiling point —25°C Diethyl ether, 
boiling point 35°C 
^ Figure 1ó 
The oxygen in an alcohol, sụch as ethanol, is bonded to one carbon atom and one hydrogen ^ Figure 17 
atom. The oxygen in an ether, such as dimethyl ether, is bonded to two carbon atoms. Because Diethyl ether is the systematic name 
of this difference, alcohols and ethers of similar molecular mass have vastly different physical for the “ether” historically used as an 
properties. anesthetic. 
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LEARNING OBJECTIVE 


Review the general properties of 
amines and  alkaloids. 


8mm... 


What atoms are in an amine group? 


| lộ 
m.—` 
J==" 
Amine group 


đ® FORYOUR 
INFORMATION 
Nearly all pharmaceuticals that can 
be administered orally contain the 


nitrogen heteroatom in the water- 
soluble salt form. 


) Figure 18 
Low-formula-mass amines such as these 
tend to have offensive odors. 


) Figure 19 

Ethylamine acts as a weak base and 
accepts a hydrogen ion from water to 
become the ethyl ammonium ion. This 
reaction generates a small amount of 
hydroxide ions, which slightly increases 
the pH of the solution. 


410 


Organic Compounds 


5_Amines and Alkaloids Contain Nitrogen 


EXPLAIN THIS 
Why are rainforests of great interest to pharmaceutical companies? 


Amines are organic compounds that contain the amine group, which 1s a nitro- 
gen atom bonded to one, two, or three saturated carbons. Amines are typically 
less soluble in water than are alcohols, because the nitrogen-hydrogen bond 
1s not as polar as the oxygen-hydrogen bond. The lower polarity and weaker 
hydrogen bonding of amines also means their boïling points are typically lower 
than those of alcohols of similar formula mass. Table 4 lists three simple amines. 

ne of the most notable physical properties of many low-formula-mass amines 
1s their offensive odor. Figure 18 shows two appropriately named amines, putres- 
cine and cadaverine, which are responsible, in part, for the odor of decaying flesh. 

Amines are typically alkaline, because the nitrogen atom readily accepts a 
hydrogen Ion, as Figure 19 illustrates. A class of alkaline amines found in nature 
are the alkaloids. Because many alkaloids have medicinal or other biological 
effects, there is great interest in isolating these compounds from the plants or 
marine organisms that contain them. As shown in Figure 20, an alkaloid, such 
as caffeine, reacts with an acid to form a salt that is usually quite soluble in 
water. This is in contrast to the unionized form of the alkaloid, known as a free 
base, which is typically insoluble in water. 

Most alkaloids exist in nature not in their free-base form, but rather as the 
salts of naturally occurring acids known as fznwns. The alkaloid salts of these 
acids are usually much more soluble in hot water than in cold water. The caffeine 
1n coffee and tea exisfs in the form of the tannin salt, which is why coffee and tea 
are more effectively brewed in hot water. As Figure 21 relates, tannins are also 
responsible for the stains caused by these beverages. 


CON CEPTCHECK 


Why do most caffeinated soft drinks also contain phosphoric acid? 


CHECK YOUR ANSWER The phosphoric acid, as shown ín Figure 20, 
reacts with the caffeine to form the caffeine-phosphoric acid salt, which is mụch more 
soluble ¡in cold water than the naturally occurring tannin salt. Interestingly, it also adds 
a desirable tingle to the tongue. 


HạN HạN NH; 
* _ NV Sở ^^ 
NH;ạ 


Cadaverine 
(1,5-pentanediamine) 


Putrescine 
(1,4-butanediamine) 


Ì 1] 7 1 
⁄ 
LÔ + HC—CC—N —> O + HC—C—N-H 
H P 1J -" H I1 | 
H H H H H H 
Water Ethylamine Hydroxide Ethylammonium 
(acid) (base) ion ion 
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TABLE 4 
STRUCTURE 


Three Simple Amines 
NAME MELTING POINT (°C) BOILING POINT (°€) 
Ethylamine -81 17 


Diethylamine 50 S3 


Triethylamine 


O lc la. 
H;C HC 
TỚNGG N Sh - jN 
hị | + H;PO, — Ì )_ HuPO¿- 
lô) ì N 8) " N 
CH; CH; 
Caffeine, free-base form Phosphoric Caffeine-phosphoric acid salt 
(water insoluble) acid (water soluble) 
^ Figure 20 


All alkaloids are bases that react with acids to form salts. An example ¡is the alkaloid caffeine, 
shown here reacting with phosphoric acid; both are common ingredients in soda beverages. 


ó_ Carbonyl-Containing Compounds 


EXPLAIN THIS 
Why does the carbon of the carbonyl usually have a slightly positive charge? 


The carbonyl group consists of a carbon atom double-bonded to an oxygen 
atom. ÏIt occurs in the organic compounds known as ketones, aldehydes, 
amides, carboxylic acids, and esters. 

A ketone is a carbonyl-containing organic molecule in which the carbonyl 
carbon is bonded to two carbon atoms. A familiar example of a ketone is 
acetone, which is often used in fingernail-polish remover and is shown in Figure 
22a. In an aldehyde, the carbonyl carbon is bonded either to one carbon atom 
and one hydrogen atom, as in Figure 22b, or, in the case of formaldehyde, the 
simplest aldehyde, to two hydrogen atoms. 

Many aldehydes are particularly fragrant. A number of flowers, for example, 
owe their pleasant odor to the presence of simple aldehydes. The smells of lem- 
ons, cinnamon, and almonds are due to the aldehydes citral, cnnamaldehyde, 
and benzaldehyde, respectively. The structures of these three aldehydes are 
shown in Figure 23. Another aldehyde, vamillin, which was introduced at the 
beginning of this chapter, is the key flavoring molecule derived from seed pods 
of the vanilla orchid. You may have noticed that vanilla seed pods and vanilla 
extract are fairly expensive. Imitation vanilla flavoring is less expensive because it 


^ Figure 21 

Tannins are responsible for the brown 
stains in coffee mugs or on a coffee drink- 
er's teeth. Because tannins are acidic, they 
can be readily removed with an alkaline 
cleanser such as baking soda. 


LEARNING OBJECTIVE 


Review the general properties of 
carbonyl compounds. 


, TNNG CHECK 


What type of bond is found between 
the carbon and the oxygen of a 
carbonyl group? 


O 
Í | ¿ | 
| đố “Sìà 
_ẮN =@ @—= 
H | | 
Aldehyde group Ketone group 
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) Figure 22 

(a) When the carbon of a carbonyl group is 
bonded to two carbon atoms, the result is 
a ketone. An example is acetone. (b) When 
the carbon of a carbonyl group is bonded 
to at least one hydrogen atom, the result 
is an aldehyde. An example is propanal. 

(c) The simplest aldehyde ¡is formaldehyde, 
which has two hydrogens bonded to the 


carbon of the carbonyl. 


Amide group 


`w Figure 23 
Aldehydes are responsible for many 
†amiliar fragrances. 
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O 

| _ | | 

MÊ : C C 
HạC CH; bã *M tý” Xy 

Z£ 
H H 

Acetone Propanal Formaldehyde 

(a) (b) (c) 


1s merely a solution of the compound vanillin, which is economically synthesized 
from waste chemicals from the wood pulp industry. Imitation vanilla does not 
taste the same as natural vanilla extract, however, because in addition to vanillin, 
many other flavorful molecules contribute to the complex taste of natural vanilla. 
Many books manufactured in the days before acid-free paper smell of vanilla 
because of the vanillin formed and released as the paper ages, a process that is 
accelerated by the acids the paper contains. 

An amide is a carbonyl-containing organic molecule in which the carbonyl 
carbon is bonded to a nitrogen atom. The active ingredient of most mosquito 
repellents is an amide whose chemical name is N,N-diethyl-r-toluamide but is 
commmercially known as DEET, shown ïn Figure 24. This compound 1s actually not 
an insecticide. Rather, it causes certain insects, especially mosquitoes, to lose their 
sense of directon, which efectively protects DEET wearers from being bitten. 

A carboxylic acid ¡is a carbonyl-containing organic molecule in which 
the carbonyl carbon is bonded to a hydroxyl group. As its name implies, this 
functional group is able to donate hydrogen 1ons. Organic molecules that con- 
tain it are therefore weakly acidic. An example is acetic acid, C;HO»;, which, 
after water, is the main ingredient of vinegar. 


O O 
Äz Giáo, : 
OCH; 
Cinnamaldehyde Benzaldehyde HO 
Vanillin 


CH; 


N,N-Diethyl-m-toluamide 
(DEET) 


^ Figure 24 
N,N-diethyl-m-toluamide is an example 
of an amide. Amides contain the amide 
group, shown highlighted in blue. 
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lẽ: tế: 
| 
—£_—-' __ @_— RD 
H—C Co —> H—C” ch " + H 
| OH | O 
H H 
Carboxyl group Carboxylate ion Hydrogen ion 
in acetic acid in acetate ion 
Í 7 
=£ =Š =€ 
` = NN 
O lào) 
^ Figure 25 


The negative charge of the carboxylate ion is spread across the two oxygen atoms of 
the carboxyl group. 


As with phenols, the acidity of a carboxylic acid results in part from the 
ability of the functional group to accommodate the negative charge of the ion 
that forms after the hydrogen ion has been donated. As shown in Figure 25, 
a carboxylic acid transforms to a carboxylate ion as it loses the hydrogen ion. 
The negative charge of the carboxylate ion is then distributed between the two 
oxygens. This spreading out helps to accommodate the negative charge. 

An interesting example of an organic compound that contains both a car- 
boxylic acid and a phenol is salicylic acid, found in the bark of willow trees and 
illustrated in Figure 2óa. At one time brewed for its antipyretic (fever-reducing) 
effect, salicylic acid is an important analgesic (painkiller), but it causes nausea 
and stomach upset due to its relatively high acidity, a result of the presence 
of two acidic functional groups. In 1899, Friedrich Bayer and Company, in 
Germany, introduced a chemically modified version of this compound in which 
the acidic phenolic group was transformed into an ester functional group. The 
result was the less acidic and more tolerable drug called acetylsalicylic acid, the 
chemical name for aspirin, shown in Figure 26b. 


Carboxyl 
group 


`co 


OH 


Phenolic 
group 


©H 
(a) Salicylic acid 


Carboxyl 
group 


`.6 


OH 


Aspirin 
(b) (acetylsalicylic acid) 


O 
| 


C 
Z7 mm 


Carboxyl group 


4 Figure 26 

(a) Salicylic acid, which is found in the bark 
of willow trees, is an example of a mole- 
cule containing both a carboxyl group and 
a phenolic group. (b) Aspirin, acetylsali- 
cylic acid, is less acidic than salicylic acid 
because it no longer contains the acidic 
phenolic group, which has been converted 
to an ester. 
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Ester group 


&@ FORYOUR 
INFORMATION 
In the 1800s, most salicylic acid used 
by people was produced not from 
willow bark, but from coal tar. Tar 
residues within the salicylic acid had 
a nasty taste. Thỉs, combined with 
salicylic acid's stomach irritation, led 
many to view the salicylic acid cure as 
being worse than the disease. Felix 
Hoffmann was the chemist working 
at Bayer & Co, who in 1897, added 
the acetyl group to the phenol group 
of salicylic acid. According to Bayer, 
Hoffmann was inspired by his father, 
who had been complaining about the 
side effects of salicylic acid. To market 
the new drug, Bayer invented the 
name aspirin, where a- is for acetyl, 
-spir- is for the spirea flower, another 
natural source of salicylic acid, and in 
is a common suffix for medications. 
After World War I, Bayer, a German 
company, lost the rights to use the 
name aspirin. Bayer didn't regain 
these rights until 1994, for a steeb 
price of $1 billion. 
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An ester is an organic molecule similar to a carboxylic acid except that in 
the ester, the hydroxyl hydrogen is replaced by a carbon. Dnlike carboxylic 
acids, esters are not acidic, because they lack the hydrogen of the hydroxyl 
group. Like aldehydes, many simple esters have notable fraprances and are 
often used as flavorings. Some familiar ones are listed in Table 5. 


GỚ CC ETE II CHECK 


ldentify all the functional groups in these two molecules (ignore the sulfur 
group ¡in penicillin Độ 


Testosterone Penicillin G 


CHECK YOUR ANSWERS Testosterone: alcohol and ketone. Penicillin G: amide 
(two amide groups) and carboxylic acid. 


Esters are fairly easy to synthesize by dissolving a carboxylic acid in an 
alcohol and then bringing the mixture to a boil in the presence of a strong acid, 
such as sulfuric acid, HạSO¿. Shown below is the synthesis of methyl salicylate 
from salicylic acid and methanol. Methyl salicylate is responsible for the smell 
Of wintergreen and is a common ingredient of hard candies. 


O O 
4 
H;SO, 
SP" se (OLDW CS. ở 
heat 
OH Bcg OH 
salicylic acid methanol methyl salicylate 


(wintergreen) 


TABLE 5 Some Esters and Their Flavors and Odors 
STRUCTURE NAME FLAVOR/ODOR 
Ethyl formate Rum 


lsopentyl acetate Banana 


Octyl acetate 


Ethyl butyrate Pineapple 
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7 An Example of Organic Synthesis 


EXPLAIN THIS 


Is a pharmaceutical obtained from nature more effective than the same 
pharmaceutical obtained from the laboratory? 


There is mụch more to organic chemistry than just learning functional øroups 
and their general properties. Many, if not most, practicing organic chemists 
dedicate much of their time to the synthesis of organic molecules that have 
practical applications, such as for agriculture or pharmaceuticals. Often these 
target molecules are organic compounds that have been isolated from nature, 
where they can be found only ¡in small quantities. To create large amounts of 
these chemicals, the organic chemist devises a pathway through which the 
compound can be synthesized in the laboratory from readily available smaller 
compounds. Once synthesized, the compound produced in the laboratory 
1s chemically identical to that found in nature. In other words, it will have 
the same physical and chemical properties and will have the same biological 
effects, If any. 

How 1s it that an organic chemist synthesizes a complex organic molecule? 
One common approach is to look at the structure of the desired compound 
and to imagine cutting certain bonds that the chemist knows would be easy 
to re-form. The chemist, for example, might imagine cutting the structure into 
two halves. Each half is then divided into even simpler portions. In essence, the 
chemist is working backward, starting with the desired chemical product and 
arriving at a list of smaller reactant molecules that would be needed to bưild 
this product. This is called a retrostynthesis analsis. The chemist then goes to the 
laboratory to attempt the actual synthesis. Things rarely go exactly as planned, 
so the synthetic scheme is modified as necessary. Overall, the process requires a 
strong working knowledge of how to build various chemical bonds, along with 
a healthy dose of creativity, luck, and perseverance. 

To illustrate how this is done, we present a retrosynthesis analysis of the 
compound multistriatin, shown in Figure 27. This compound 1s one of the 
pheromones of the elm bark beetle. It is a fragrant compound released by a 
virgin female beetle when she has found a good source of food, such as an 
elm tree. Male beetles follow this scent to the female beetle at the elm tree. The 
male beetle carries the fungus for Dutch elm disease, so the tree upon which 
it lands gets infected. Larger quantities of this pheromone, which is produced 
only in small quantities by the beetle, are useful for traps that capture the 
male beetles, thereby preventing the spread of the disease. This approach of 
targeting a specific pest with traps 1s more desirable than the application of 
a pesticide, many of which kill beneficial insects and have the potential to 
contaminate foodstuffs. 

The chemical structure for mulitstriatin, 1, as shown in Figure 28, may 
look complicated. The knowledgeable organic chemist, however, recognizes 
that two oxygen atoms bonded to a single carbon atom can be easily made 
by reacting a carbonyl group with two adjacent hydroxyl groups, as shown 
in the first retrosynthetic step. So ¡f the chemist could create compound 2, as 
shown in Eigure 28, she would be one step away from creating the desired 
product. The chemist then recognizes that compound 2 could be made from 
compound 3, which, in turn, could be made from compound 4. Studying 
compound 4 carefully, the experienced chemist recognizes that a bond two 
atoms away from a carbonyl group is easy to form. This leads her to break 
compound 4 evenly into compounds 5 and 6. Compound 5 can be bought 
from a chemical supply company, while compound 6 requires only a few 
more steps to come to compound 8, which is also commercially available. 


LEARNING OBJECTIV 
Summarize the retrosynthetic 


strategy used to plan the synthesis 
of a complex organic molecule. 


"-...-- 


How might an organic chemist plan 


for the synthesis of a complex organic 


molecule? 


©) 
Multistriatin 
(Elm bark beetle pheromone) 


^ Figure 27 


Multistriatin is a pheromone produced only 
in small quantities by the female elm bark 


beetle. 
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) Figure 28 

A retrosynthetic analysis of the elm 
bark beetle pheromone multistriatin. 
The commercially available starting 
materials for the forward synthesis are 
in the pink shading. 


LEARNING OBJECTIVE 


Describe how polymers are 
synthesized from monomers. 


) Figure 29 

A polymer is a long molecule consisting of 
many smaller monomer molecules linked 
together. 
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After developing this retrosynthetic plan and seeking helpful input from her 
colleagues, the chemist heads to the laboratory to try to make some variation 
of the forward synthesis work. 

Naturally, some organic molecules are more difficult to synthesize than 
others. The anticancer agent Taxol® is very useful for the treatment of breast 
cancer, but unfortunately, it is produced in nature by the yew tree in only very 
small quantities. This prompted teams of organic chemists to synthesize this 
molecule from easily obtained starting materials. The first total synthesis of 
Taxol® by K. C. Nicolaou of the Scripps Research Institute in 1994 was a major 
accomplishment. Other researchers have since refined the synthesis of TaxolỂ, 
which has been of great benefit in the fight against cancer. Online, use the 
keywords f4xol total sựnthesis to find the stunning synthetic pathways used by 
these practicing world-class chemists. 


8 Organic Molecules Can Link to Form Polymers 


EXPLAIN THIS 
Why are plastics generally so inexpensive? 


Polymers are exceedingly long molecules that consist of repeating molecular 
units called monomers, as Figure 29 illustrates. Monomers have relatively 
simple structures, consisting of anywhere from 4 to 100 atoms per molecule. 
When monomers are chained together, they can form polymers consisting of 
hundreds of thousands of atoms per molecule. These large molecules are still 
too smaill to be seen with the unaided eye. They are, however, giants in the sub- 
mnicroscopic world—1f a typical polymer molecule were as thick as a kite string, 
it would be 1 kilometer long. 


(Monomel Monomeri Monomer}iMonomer 
> 


< Polymer 
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TABLE ó Addition and Condensation Polymers 


POLYMERS REPEATING UNIT COMMON USES 


RECYCLING CODE 


Addition 


Polyethylene (PE) H H Plastic bags, bottles 


Polypropylene (PP) Indoor-outdoor carpets 


Polystyrene (PS) Plastic utensils, insulation 


Polyvinyl chloride (PVC) Shower curtains, tubing 


Condensation 


Polyethylene terephthalate (PETE) Ọ ®) Clothing, plastic bottles 


Human-made polymers, also known as synthetic polymers, make up the 
class of materials commonly known as plastics. Two major types of synthetic 
polymers are used today——addiHon pol/iners and cơndensaHon polWimers. 

As shown in Table 6, addition and condensation polymers have a wide 
variety of uses. Solely the product of human design, these polymers pervade 
modern living. In the United States, for example, synthetic polymers have 
surpassed steel as the most widely used material. 


Addition Polymers 


Addition polymers form simply by the joining together of monomer unifs. 
For this to happen, each monomer must contain at least one double bond. As 
shown in Figure 30, polymerization occurs when two of the electrons from 
each double bond split away from each other to form new covalent bonds with 
neighboring monomer molecules. During this process, no atoms are lost; so the 
total mass of an addition polymer is equal to the sum of the masses of all its 
monomers. 

Nearly 12 million tons of polyethylene is produced annually in the United 
States; thats about 90 pounds per U.5. citizen. The monomer from which it is 
synthesized, ethylene, 1s an unsaturated hydrocarbon produced in large quantities 
from petroleum. 

High-density polyethylene (HDPE), shown schematically in Figure 31a, 
consists of long strands of straight-chain molecules packed closely together. 
The tight alignment of neighboring strands makes HDPE a relatively rigid, 
touph plastic useful for such things as bottles and milk jugs. Low-density poly- 
ethylene (LDPE), shown in Figure 31b, is made of strands with many branched 
chaïns, a pattern that prevents the strands from packing closely together. This 
makes LDPE more bendable than HDPE and gives it a lower melting point. 
While HDPE holds its shape in boiling water, LDPE deforms. It is most useful 
for such items as plastic bags, photographic film, and insulation for electric 
WIre. 


1H... 


Which has more mass: an addition 
polymer or the monomers that 
combined to make that addition 
polymer? 
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) Figure 30 
The addition polymer polyethylene is KỊ H H H H lại 
†ormed as electrons from the double Ethylene ``/Z—X ` ¬Z—X 
bonds of ethylene monomer molecules monomers C=€C C=C€C C=€C 
split away and become unpaired valence ⁄ À „ Ä ự ` 
electrons. Each unpaired electron H H l5I lội! lEI II 
then joins with an unpaired electron of a 
neighboring carbon atom to form a new H H H H H H 
covalent bond that links two monomer | | | | | | 
units together. 
9 Z“ *C—C- „ Z“ À*C—C- „ Z“ *C—C- „ 
H H H H 
Poly ation 
lãi MEN j-: JIIR BI Tí 
Polyethylene M<.—-=€©Cã<-€©ÔãcC-Czc<c-€CmxC 


) Figure 31 
(a) The polyethylene strands of HDPE  - à, 
are able to pack closely together, mụuch S5 025) 2£ 
like strands of uncooked spaghetti. Z2“ 

(b) The polyethylene strands of LDPE are “1N 
branched, which prevents the strands from 


packing well. (a) Molecular strands of HDPE (b) Molecular strands of LDPE 


Addition polymers are also created by using other monomers. The only 
requirement is that the monomer must contain a double (or triple) bond. The 
monomer propylene, for example, yields polypropylene, as shown in Figure 32. 
Polypropylene is a tough plastic material useful for pipes, hard-shell suitcases, 
and appliance parts. Fibers of polypropylene are used for upholstery, indoor- 
outdoor carpet, and even thermal underwear. 

Figure 33 shows that using styrene as the monomer yields polystyrene. 
Transparent plastic cups are made of polystyrene, as are thousands of other 
household items. Blowing air into liquid polystyrene generates StyrofoamÏM, 
which is widely used for coffee cups, packing material, and insulation. 


) Figure 32 Propylene monomers 
Propylene monomers polymerize to form 


polypropylene. H H H li IHÍ H 


s à ` 
H CH H CH H CH¿ 


k. sở 
Polypropylene 
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Styrene monomers 
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Another important addition polymer is polyvinyl chloride (PVC), which is 
tough and easily molded. Floor tiles, shower curtains, and pipes are most often 
made of PVC, shown in Figure 34. 

Rigid polymers such as PVC can be made soft by incorporating smaill 
molecules called plasticizers. Pure PVC, for example, is a tough material great 
for making pipes. Mixed with a plasticizer, the PVC becomes soft and flexible 
and thus useful for making shower curtains, toys, and many other products 
now found in most households. One of the more commonly used types of 
plasticizers is the phthalates, some of which have been shown to disrupt the 
development of reproductive organs, especially in fetuses and in growing 
children. Governments and manufacturers are now working to phase out 
these plasticizers. But some phthalates, such as DINP, have been shown to 
be much less dangerous. Should all phthalates be banned or just the ones 
proven to be harmful? This is a social and political question that has yet to 
be resolved. 


Ti : 


Poly Ý 
Ï 
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4 Figure 33 
Styrene monomers polymerize to form 
polystyrene. 


4 Figure 34 

PVC is tough and easily molded, which 
is why it often is used to fabricate many 
household items. 
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) Figure 35 

The many large chlorine atoms in 
polyvinylidene chloride make this addition 
polymer sticky. 


) Figure 3ó 

The fluorine atoms in 
polytetrafluoroethylene tend not to 
experience molecular attractions, which 
is why this addition polymer is used as a 
nonstick coating and lubricant. 
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The addition polymer polyvinylidene chloride (trade name SaranTM), shown 
in Figure 35, was once used to make plastic wrap for food. The large chlorine 
atoms ïn this polymer help it stick to such surfaces as glass by dipole-induced 
dipole attractions. Because of environmental concerns, however, SaranTM Wrap 
brand food wrap is now made from polyethylene. The original polyvinylidene 
chloride polymer contains twice the number of chlorine atoms as PVC and thus 
readily transforms into harmful dioxins upon burning. 

The addition polymer polytetrafluoroethylene, shown in Figure 3ó, is what 
you know as Teflon”. In contrast to the chlorine-containing Saran, fluorine- 
containing Teflon has a nonstick surface, because the fluorine atoms tend not 
to experience any molecular attractions. In addition, because carbon-fluorine 
bonds are unusually strong, Teflon can be heated to hiph temperatures before 
decomposing. These properties make Teflon an ideal coating for cooking sur- 
faces. lt is also relatively inert, which is why many corrosive chemicals are 
shipped or stored in Teflon containers. 


GO MCEPTCHECXK 


What do all monomers that are used to make addition polymers have in 
common? 


CHECK YOUR ANSWER_ A multiple covalent bond between two carbon atoms. 


l lứ JDjp PP 81 E1: 8 
Polytetra- IS" DI 1N 0410/01) l0) vi 
fluoroethylene ..BE Q25... .... `. c.. 
VENEH) II) BI bên ha in: 
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Condensation Polymers 


A condensation polymer ¡is formed when the Joining of monomer units is 
accompanied by the loss of a small molecule, such as water or hydrochloric 
acid. Any monomer capable of becoming part of a condensation polymer 
must have a functional group on each end. When two such monomers come 
together to form a condensation polymer, one functional group of the first 
monomer links up with one functional group of the other monomer. The 
result is a two-monomer unit that has two terminal functional groups, one 
from each of the two original monomers. Each of these terminal functional 
Øroups in the two-monomer unit is now free to link with one of the functional 
øroups of a third monomer, then a fourth, and so on. In this way, a polymer 
chain 1s built. 

Figure 37 shows this process for the condensation polymer called ?rlon. Thịs 
polymer is composed of two different monomers, as shown in Figure 37. One 
monomer is adipic acid, which contaïns two reactive end groups, both carboxyl 
groups. The second monomer is hexamethylenediamine, in which two amine 
Øroups are the reactive end groups. One end of an adipic acid molecule and 
one end of a hexamethylamine molecule can be made to react with each other, 
splitting off a water molecule in the process. After two monomers have joined, 
reactive ends still remain for further reactions, which leads to a growing poly- 
mer chaïn. Aside from its use in hosiery, nylon also finds important uses in the 
manufacture of ropes, parachutes, clothing, and carpets. 


CONCEPTCHECK 


The structure of ó-aminohexanoic acid is the following: 


HỤN 7/0) )446°` PP 


Đ) 


ls this compound  a suitable monomer for forming a condensation polymer? 


CHECK YOUR ANSWER Yes, because the molecule has two reactive ends. You 
know both ends are reactive because they are the ends shown ¡in Figure 37. The only 
difference here ¡is that both types of reactive ends are on the same molecule. Mono- 
mers of ó-aminohexanoic acid combine by splitting off water molecules to form the 
polymer known as nylon-ó. 


©) 
h—Z 
© 


Another widely used condensation polymer ¡is polyethylene terephthalate 
(PET or PETE), which ¡is formed from the polymerization of ethylene glycol 
and terephthalic acid, as shown in Figure 38. Plastic soda bottles are made 
from this polymer. Also, PETE fibers are sold as DacronTM polyester, a product 
used ïn clothing and stuffing for pillows and sleeping bags. Thin films of PETE, 
which are called MylarŸ, can be coated with metal particles to make magnetic 
recording tape or those metallic-looking balloons you see for sale at grocery 
store checkout counters. 

Monomers that contain three reactive functional groups can also form 
polymer chains. These chains become interlocked in a rigid 3-dimensional 
network that lends considerable strength and durability to the polymer. Once 
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Nylon 


^ Figure 37 


Adipic acid and hexamethylenediamine polymerize to form the condensation polymer nylon. 


formed, these condensation polymers cannot be remelted or reshaped, which 
makes them hard-set, or £iermoset, polymers. Hard plastic dishes (MelmacTM) 
and countertops (FormicaTM) are made of this material. A similar polymer, 
BakeliteTM, made from formaldehyde and phenols containing multiple oxygen 
atoms, is used to bind plywood and particleboard. Bakelite was synthesized in 
the early 1900s, and it was the first widely used polymer. 


ï[ /\ lf OH OH 
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Terephthalic 
acid H,O H,O 
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Ethylene 
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Polyethylene terephthalate (PET) 
^ Figure 38 


Terephthalic acid and ethylene glycol polymerize to form the condensation polymer 
polyethylene terephthalate. 
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^ Figure 39 
Flexible and flat video displays known as OLEDs (organic light-emitting diodes) 
are now fabricated from polymers. 


The synthetic polymer industry has grown remarkably over the past half 
century. Annual production of polymers in the United States alone has grown 
from 3 billion pounds in 1950 to more than 100 billion pounds in 2010. Today, it 
1s a challenge to find any consumer item that does #of contain a plastic of one 
Sort Or another. 

In the near future, watch for new kinds of polymers having a wide range 
of remarkable properties. One interesting applicaton is shown m Figure 39. 
We already have polymers that conduct electricity, others that emit lipht, 
others that replace body parts, and still others that are stronger but much lighter 
than steel. Imagine synthetic polymers that mimic photosynthesis by transíorming 
solar energy to chemical energy or that efficiently separate fresh water from ocean 
water. These are not dreams. They are realities that chemists have already been 
demonstrating in the laboratory. Polymers hold a clear promise for the future. 


9 A Brief History of Plastics 


EXPLAIN THIS 
Besides chance discovery, what else allowed for the development of plastics? 


The search for a lightweight, nonbreakable, moldable material began with the 
invention of vulcanized rubber. This material is derived from natural rubber, 
which is a semisolid, elastic, natural polymer. The fundamental chemical unit of 
natural rubber is polyisoprene, which plants produce from isoprene molecules, 
as shown in Figure 40. In the 1700s, natural rubber was noted for its ability to 
rub off pencil marks, which is the origin of the term rwbber. Natural rubber has 
few other uses, however, because it turns øooey at warm temperatures and 
brittle at cold temperatures. 

In 1839, an American ¡inventor, Charles Goodyear, discovered rubber 
0ulcanizaHon, a process in which natural rubber and sulfur are heated together. 
The product, vulcanized rubber, is harder than natural rubber and retains 


LEARNING OBJECTIV 


Recount the history of the 
development of plastics starting 
†rom the early 1900s. 


CHEMICAL 
CONNECTION 


How is celluloid connected to 


the many exits now in movie 
theaters? 
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^ Figure 40 

lsoprene molecules react with one another 
to form polyisoprene, which is abundant 
within the sap of rubber trees. lsoprene 

is the fundamental chemical unit, or 
monomer, of natural rubber. 


)} Figure 41 

(a) When stretched, the individual 
polyisoprene strands in natural rubber slip 
past one another and the rubber stays 
stretched. (b) When vulcanized rubber is 
stretched, the sulfur crosslinks hold the 
strands together, allowing the rubber to 
return to its original shape. 


424 


Organic Compounds 


lsoprene lsoprene 


" 


lsoprene 


Polyisoprene 


its elastic properties over a wide range of temperatures. This is the result of 
disulfide cross-linkine between polymer chains, as illustrated in Figure 41. To 
help quench our ever-prowing thirst for vulcanized rubber, the polymer of 
rubber (polyisoprene) is now also produced from petroleum. 

Charles Goodyear was the classic eccentric inventor. He lived most of his life 
in poverty, obsessed with transforming rubber into a useful material. Goodyear 
was a man of iÏI health who died in debt, yet he remained stubbornly optimistic. 
The present-day Goodyear Corporation was founded not by Goodyear, but by 
others who soupht to pay tribute to his name 15 years after he died. 

In 1845, as vulcanized rubber was becoming popular, the Swiss chemistry 
professor Christian Schönbein wiped up a spilled mixture of nitric and sulfuric 
acids with a cotton rag that he then hung up to dry. Within a few minutes, the 
rag burst into flames and then vanished, leaving only a tiny bit of ash. Schönbein 
had discovered nitrocellulose, in which most of the hydroxyl groups in cellulose 
are bonded to nitrate øgroups, as Figure 42 illustrates. Schönbein“s attempts to 
market nitrocellulose as a smokeless gunpowder (e1!coffon) were unsuccessful, 
mainly because of a number of lethal explosions at plants producing the material. 

Researchers in France discovered that solvents such as diethyl ether and 
alcohol transformed nitrocellulose to a gel that could be molded into various 
shapes. This workable nitrocellulose material was dubbed collodion, and its first 
application was as a medical dressing for cuts. 


Polymer strands xà 


(a) Original form Stretched with little tendency 


to snap back to original form 


Polymer strands 


(b) Vulcanized form with disulfide crosslinks Stretched with great tendency to 


snap back because of crosslinks 
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Nitrate group 
O——NO; 
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Nitrocellulose (cellulose nitrate) 


In 1870, John Hyatt, a young inventor from Albany, New York, discovered 
that collodion“s moldable properties were vastly improved by using camphor 
as a solvent. This camphor-based nitrocellulose material was named celluloid, 
and it became the plastic of choice for the manufacture of many household 
1tems, such as combs and haïr fasteners. In addition, thin transparent films of 
celluloid made excellent supports for photosensitive compounds, a boon to the 
photography industry and a first step in the development of motion pictures. 

As wonderful as celluloid was, it still had the major drawback of being 
highly flammable. Today, one of the few commercially available products made 
of celluloid is Ping-Pong balls, shown in Figure 43. 


Bakelite Was the First Widely Úsed Plastic 


About 1899, Leo Baekeland, a chemist who had immigrated to the Dnited 
States from Belgium, developed an emulsion for photographic paper that was 
exceptional ín its sensitivity to light. He sold his invention to George Eastman, 
who had made a fortune selling celluloid-based photographic film along with 
his portable Kodak camera. Expecting no more than $50,000 for his invention, 
Baekeland was shocked at Eastmans initial offer of $750,000 (in today“s dollars, 
that would be about $25 million). Suddenly a very wealthy man, Baekeland 
was free to pursue his chemical interests. 

Baekeland explored a tar-like solid once produced in the laboratories of 
Alfred von Baeyer, the German chemist who played a role in the development of 
aspirm. Whereas Baeyer had dismissed the solid as worthless, Baekeland saw it 
as a virtual gold mine. After several years, he produced a resin that, when poured 
into a mold and then heated under pressure, solidified into a transparent positive 
of the mold. Baekeland“s resin was a mixture of formaldehyde and a phenol that 
polymerized into the complex network shown in Figure 44. 

The solidified material, which he called Bakel/fe, was impervious to harsh acids 
or bases, wide temperature extremes, and just about any solvent. Bakelite quickly 
replaced celluloid as a molding medium, finding a wide variety of uses for several 
decades. lt wasnt until the 1930s that alternative thermoset polymers (Section 8) 
began to challenge Bakelites dominance in the evolving plastics industry. 


The First Plastic Wrap Was Cellophane 


Cellophane had its beginnings in 1892, when Charles Cross and Edward Bevan 
of England found that treating cellulose with concentrated sodium hydrox- 
ide followed by carbon disulfide created a thick, syrupy yellow lquid they 
called z/scose. Extruding the viscose into an acidic solution generated a tough 
cellulose filament that could be used to make a synthetic silky cloth today 
called zayơn (Figure 48). 

In 1904, Jacques Brandenberger, a Swiss textile chemist, observed restau- 
rant workers discarding fine tablecloths that had only slight stains on them. 
Working with viscose at the time, he had the idea of extruding it not as a 


4 Figure 42 

Nitrocellulose, also known as cellulose 
nitrate, is highly combustible because of 
its many nitrate groups, which facilitate 
oxidation. 


"--..—-.- 


What was a major drawback of 
celluloid? 


(b) 


^ Figure 43 

(a) Smell a freshly cụt Ping-Pong ball, 

and you will note the distinct odor of 
camphor, which is the same smell that 
arises from heat cream for sore muscles. 
This camphor comes from the celluloid 
from which the ball is made. (b) Ping-Pong 
balls burn rapidly because they are made 
of nitrocellulose. 
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Phenol-formaldehyde resin 
(Bakelite) 
^ Figure 44 


(a) The molecular network of Bakelite shown in two dimensions. (The actual structure projects in 
all three dimensions.) (b) The first handset telephones were made of Bakelite. 


4 Figure 45 

Viscose is still used today in the manufacture of fibers used to make the synthetic fabric called 
rayon. The fibers are formed  as viscose and extruded through holes in metal dies, such as 
shown here. 


fiber, but as a thin, transparent sheet that might be adhered to tablecloths and 
provide an easy-to-clean surface. By 1913, Brandenberger had perfected the 
manufacture of a viscose-derived, thin, transparent sheet of cellulose, which he 
named cellophane. 

Within several years, the Du Pont Corporation bought the rights to 
cellophane. Hermetically sealed by cellophane, a product could be kept 
free of dust and germs. And unlike paper or tin foil—the alternatives of 
the day—cellophane was transparent and thus allowed the consumer to 
view the packaged contents, as shown ¡in Figure 4ó. With properties such as 
these, cellophane played a great role in the success of supermarkets, which 
first appeared in the 1930s. Perhaps cellophane“s greatest appeal to the con- 
sumer, however, was its shine. As marketing people soon điscovered, nearly 
any product—soaps, canned goods, and golf ballswould sell faster when 
wrapped ¡in cellophane. 


Polymers Win in World War II 


In the 1930s, more than 90 percent of the natural rubber used in the United 
States came from Malaysia. In the days after Pearl Harbor was attacked in 
December 1941 and the Dnited States entered World War IL however, Japan 

| captured Malaysia. As a result, the United States—the land with plenty of 
everything, except rubber—faced its first natural resource crisis. The military 

^ Figure 4ó implications were devastating, because without rubber for tires, military air- 
"`... thpQS planes and jeeps were useless. Petroleum-based synthetic rubber had been 
developed in 1930 by Du Pont chemist Wallace Carothers but was not widely 
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CH; CH; CH; CH; 


Poly(methyl methacrylate) 


used because it was much more expensive than natural rubber. With Malaysian 
rubber impossible to get and a war on, however, cost was no longer an issue. 
Synthetic rubber factories were constructed across the nation, and within a few 
years, the annual production of synthetic rubber rose from 2000 tons to about 
800,000 tonas. 

Also in the 1930s, British scientists developed radar as a way to track 
thunderstorms. With war approaching, these scientists turned their attention 
to the idea that military planes could be equipped with radar. lo make 
the radar equipment light enough to fy on an airplane, however, they 
needed the wires of the device coated with some sort of electrical insulator. 
Fortunately, the polymer polyethylene, recently developed in Britain, turned 
out to be an ideal electrical insulator. The radar-equipped planes were sÏow, 
but flying at night or in poor weather, they could detect, intercept, and 
destroy enemy aircraft. 

Other polymers that had a significant impact on the outcome of World War II 
included Nylon®, Plexiplas®, PVC, Saran!M, and Teflon#. Nylon was invented 
in 1937 and, as discussed in the previous section, found great use in the manu- 
facture of ropes, pharachutes, and clothing. Interestingly, tear-resistant Nylon 
stockings, which had just been introduced, were extremely popular during the 
war and often used as a commodity for favors or to repay debts among soldiers. 
Plexiglas, shown in Figure 47, is a polymer known to chemists as poly(methyl 
methacrylate). This glass-like but moldable and lightweight material made 
excellent domes for the gunner “s nests on fighter planes and bombers. 

Polyvinyl chloride (PVC) had been developed by a number of chemical 
companies in the 1920s. The problem with this material, however, was that it 
lost resiliency when heated. In 1929, Waldo Semon, a chemist at BFEGoodrich, 
found that PVC could be made into a workable material by the addition of a 
plasticizer. Semon got the idea of using plasticized PVC as a shower curtain 
when he observed his wife sewing together a shower curtain made of rubber- 
1zed cotton. Other uses for PVC were slow to appear, however, and it wasnt 
until World War II that this material became recognized as an ideal waterproof 
material for tents and rain gear. After the war, PVC replaced Bakelite as the 
medium for making phonograph records. 

Originally designed as a covering to protect theater seats from chewing gum, 
Saran found great use in World War II as a protective wrapping for artillery 
equipment during sea voyages. (Before Saran, the standard operating procedure 
had been to disassemble and grease the artillery to avoid corrosion.) After the 
war, this polymer soon pushed cellophane aside to become the most popular 
food wrap of all time (Figure 48). Because of environmental issues associated 
with Saran, polyethylene now holds the title of most widely used food wrap. 

In the late 1930s, the discoverers of Teflon were impressed by the long 
list of things this new material would ø+of do. It would not burn, and it would 
not completely melt. Instead, at 620°E it congealed into a gel that could be 


4 Figure 47 
The bulky side groups in poly(methyl 


methacrylate) prevent the polymer chains 


from aligning with one another. This 
makes it easy for light to pass through 
the material, which is tough, transparent, 
lightweight, and moldable. (Plexiglas® 

is a registered trademark belonging to 
ATOFINA.) 


BlI6 GHRNGE 
IN SRRRN WRRP ! 


ÂÁnnouncing ... exclosive new ackage improverment| 
The wrap that's best for protection ís now the easiest to useT 


^ Figure 48 


The now-familiar plastic food wrap carton 


with a cutting edge was introduced in 
1953 by Dow Chemical for its SaranM 
Wrap brand. 
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conveniently molded. It would not conduct electricity, and it was Impervious to 
attack by mold or fungus. No solvent, acid, or base could dissolve or corrode it. 
And most remarkably, nothing would stick to it, not even chewing gum. 

Because of all the things Teflon would not do, DuPont was not quite sure 
what to do with it. Then in 1944, the company was approached by governmen- 
tal researchers in desperate need of a highly inert material to line the valves and 
ducts of an apparatus being built to isolate uranium-235 ¡in the manufacture of 
the first nuclear bomb. Thus, Teflon found its first application, and one year 
later, World War II came to a close with the nuclear bombing of Japan. 


CO ÚC 6E l UCHECKR 


Name at least four polymers that had a significant impact on the 
effectiveness of Allied forces in World War II. 


CHECK YOUR ANSWER Here are six: synthetic rubber, polyethylene, Nylon, 
Plexiglas, PVC, Saran, and Teflon. 


Attitudes about Plastics Have Changed 


With a record of wartime successes, plastics were readily embraced in the 
postwar years. In the 1950s, Dacron polyester was introduced as a subsftitute 
for wool. Also, the 1950s were the decade during which the entrepreneur Earl 
Tupper created a line of polyethylene food containers, known as Tupperware®. 

By the 1960s, a decade of environmental awakening, many people began to 
recognize the negative attributes of plastics. Being inexpensive, disposable, and 
non-biodegradable, plastic readily accumulated as litter and as landfill. With 
petroleum so readily available and inexpensive, however, and with a growing 
population of plastic-dependent baby boomers, little stood in the way of an 
ever-expanding array of plastic consumer products. By 1977, plastics surpassed 
steel as the number-one material produced in the United States. Environmental 
concerns also continued to grow, and ¡n the 1980s, plastics recycling programs 
began to appear. Although the efficiency of plastics recycling still holds room 
for improvement, we now live in a time when sports jackets made of recycled 
plastic bottles are a valued commodity. 
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LEARNING OBJECTIVES 


Identify the structures of hydrocarbons. (1) 
ldentify the structures of unsaturated hydrocarbons. (2) 


Discuss the significance of heteroatoms in organic 
compounds. (3) 

Review the general properties of alcohols, phenols, 
and ethers. (4) 


Review the general properties of amines and 
alkaloids. (5) 


Review the general properties of carbonyl combounds. (6) 


Summarize the retrosynthetic strategy usedl to plan the synthesis 


of a complex organic molecule. (7) 


Describe how polymers are synthesized from monomers. (8) 


Recount the history of the development of plastics starting from 


the early 1900s. (9). 


SUMMARY OF TERMS 


Addition polymer A polymer formed by the joining together 
of monomer units with no atoms being lost as the 
polymer forms. 


AlTcohol (AL-co-hol) An organic molecule that contains a 
hydroxyl group bonded to a saturated carbon. 


AIdehyde (AL-de-hyde) An organic molecule containing a 
carbonyl group, the carbon of which is bonded either 
to one carbon atom and one hydrogen atom or to two 
hydrogen atoms. 

Alkane (AL-kane) A generic word for a saturated hydrocarbon. 

Alkene (AL-keen) An unsaturated hydrocarbon containing 
one or more double bonds. 

Alkyne (AL-kine) An unsaturated hydrocarbon containing a 
triple bond. 

Amide (AM-iđ) An organic molecule containing a carbonyl 
group, the carbon of which is bonded to a nitrogen atom. 

Amine (Uh-MEEN) An organic molecule containing a nitrogen 
atom bonded to one or more saturated carbon atoms. 

Aromatic Said of any organic molecule containing a benzene ring. 

Carbonyl group (CAR-bon-EEL) A carbon atom double- 
bonded to an oxygen atom; found in ketones, aldehydes, 
amides, carboxylic acids, and esters. 

Carboxylic acid (CAR-box-lL-ic) An organic molecule contain- 
¡ng a carbonyl group, the carbon of which is bonded to a 
hydroxy] group. 

Condensation polymer A polymer formed by the joining 
topether of monomer units accompanied by the loss of 
small molecules, such as water. 

Configuration A term used to describe how the atoms within 
a molecule are connected. For example, two structural 


(KNOWLEDGE) 


—>  Questions 1-4, 34-44 

— Questions 5-7, 2ó, 26-50, 45-49 
—>  QOuestions 8, 9, 50-53 

—>  Questions 10-12, 31, 54-57 

—> Questions 13-15, 32, 56-ó3, 82, 63 
—> Questions 1ó-18, 33, óé4-70 

—> QOuestions 19, 20, 71-74, 84 

—>  Questions 21-23, 27, 75-79 

—>  Questions 24, 25, 80, 61, 65 


1somers will consist of the same number and same kinds 
of atoms, but in different configurations. 


Conformation One of a wide range of possible spatial 
Orientations of a particular configuration. 


Ester (ES5-ter) An organic molecule containing a carbonyl 
group, the carbon of which is bonded to one carbon atom 
and one oxygen atom bonded to another carbon atom. 


Ether (EETH-er) An organic molecule containing an oxygen 
atom bonded to two carbon atoms. 


Functional group A specific combination of atoms that 
behaves as a unit in an organic molecule. 


Heteroatom Any atom other than carbon or hydrogen in an 
organic molecule. 


Hydrocarbon An organic compound containing only carbon 
and hydrogen atoms. 


Ketone (KEY-tone) An organic molecule containing a carbonyl 
group, the carbon of which is bonded to two carbon atoms. 


Monomers The small molecular units from which a polymer 
1s formed. 


Organic chemistry The study of carbon-containing compounds. 

Phenol (en-ALL) An organic molecule in which a hydroxyl 
group is bonded to a benzene ring. 

Polymer A long organic molecule made of many repeating units. 

Saturated hydrocarbon A hydrocarbon containing no multiple 
covalent bonds, with each carbon atom bonded to four 
other atoms. 

Structural isomers Molecules that have the same chemical 
formula but different chemical structures. 

Ủnsaturated hydrocarbon A hydrocarbon containing at least 
one multiple covalent bond. 
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READING CHECK OUESTIONS 


1 Hydrocarbons Contain Only Carbon and Hydrogen 


(COMPREHENSION) 


5 Amines and Alkaloids Contain Nitrogen 


1. How do two structural isomers điffer from each other? 


. How are two structural isomers similar to each other? 


. What physical property of hydrocarbons is used in 


fractional distillation? 


.- What types of hydrocarbons are more abundant in 


higher-octane gasoline? 


2 Unsaturated Hydrocarbons Have Multiple Bonds 


Sẽ 


VẪ 


What is the difference between a saturated hydrocarbon 
and an unsaturated hydrocarbon? 


. How many multiple bonds must a hydrocarbon have in 


order to be classified as unsaturated? 


Aromatic compounds contain what kind of ring? 


3 Functional Groups Give Organic Compounds 
Character 


8 


9. Why do heteroatoms make such a difference in the physical 


. What is a heteroatom? 


and chemical properties of an organic molecule? 


4 Alcohols, Phenols, and Ethers Contain Oxygen 


10. 
1Ilb 
122 


CONFIRM THE CHEMISTRY 


2ó. 
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Why are low-formula-mass alcohols soluble in water? 
What distinguishes an alcohol from a phenol? 
What distinguishes an alcohol from an ether? 


'TWwo carbon atoms connected by a single bond can rotate 
relative to each other. This ability to rotate can give rise 

to numerous conformations (spatial orientations) of an 
Organic molecule. Is it also possible for two carbon atoms 
connected by a double bond to rotate relative to each other? 


Hold two toothpicks side by side and attach one jellybean to 
each end such that each jellybean has both toothpicks poked 
into it. Hold one jellybean while rotating the other. What 
kind of rotations are possible? Relate what you observe to 
the carbon-carbon double bond. Which structure of 

Figure 8 do you suppose has more possible conformations: 
butane or c¡is-2-butene? What do you suppose is true about 
the ability of atoms connected by a carbon-carbon triple 
bond to twist relative to each other? 


ạ 


13. 
14. 
1b 


'Which heteroatom ¡s characteristic of an amine? 
Do amines tend to be acidic, neutral, or basic? 


Are alkaloids found in nature? 


6 Carbonyl-Containing Compounds 


1ó. 
1U7⁄ 


18. 


Which elements make up the carbony] group? 
How are ketones and aldehydes related to each other? 
Hlow are they different from each other? 


How are amides and carboxylic acids related to each 
other? How are they different from each other? 


7 An Example of Organic Synthesis 


19. 


20. 


Why might an organic chemist want to synthesize a 
molecule that already occurs in nature? 


What is a retrosynthesis analysis? 


8 Organic Molecules Can Link to Form Polymers 


2IẾ 


22. 
23. 


What happens to the double bond of a monomer 
pArticipating in the formation of an addition polymer? 


'What is released in the formation of a condensation polymer? 


Why is plastic wrap made of polyvinylidene chloride 
stickier than plastic wrap made of polyethylene? 


9 A Brief History of Plastics 


24. 
25. 


27/15 


What is one of the major drawbacks of celluloid? 
What role địd Teflon play in World War II? 


(HANDS-ON APPLICATION) 


A property of polymers is their glass transition tempera- 
ture, T.„ which is the approximate temperature below 
which the polymer is hard and rigid, but above which 
the polymer is soft and flexible. The T., of polyethylene is 
a chilly —125°C, which is why polyethylene food wrap is 
flexible at ambient temperatures. Consider the two poly- 
mers polyethylene terephthalate (PETE) and polystyrene 
(PS). Which do you suppose has the higher 1,2 Dịp some 
plastics of these two polymers in boiling water to find 
out. A common polymer used to make chewing gum is 
polyvinyl acetate, which has a lạm of about 28°C, which 1s 
below body temperature but above room temperature. 
That's why most chewing gums are hard until they soften 
up in your warm mouth. Drink ice water while chewing 
and note how the gum quickly hardens. 
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THINK AND COMPARE 


28. Rank the following hydrocarbons in order of increasing 
number of hydrogen atoms: 


li `. ........ 


Cyclobutane Butane trans-2-Butene 


29. Rank the following hydrocarbons in order of increasing 
number of hydrogen atoms: 


(a) (b) (c) 


30. Rank the following hydrocarbons in order of smallest to 
largest carbon chain: 


(a) (b) (c) 


THINK AND EXPLAIN 


1 Hydrocarbons Contain Only Carbon and Hydrogen 


(ANALYSIS) 


(SYNTHESIS) 


34. What property of carbon allows for the formation of so 
many different organic molecules? 


35. Why does the melting point of hydrocarbons increase as 
the number of carbon atoms per molecule increases? 


3ó. Draw all the structural isomers for hydrocarbons having 
the molecular formula C.Hị¿. 


37. How many structural isomers are shown here? 


J“Ì 


S1 


32. 


33. 


38. 


SA 


40. 


41. 


Rank the following organic molecules in order of 
increasing solubility in water: 


OH 
OH ©H 
(a) (b) (c) 


Rank the following organic molecules in order of 


increasing solubility in water: 
H 
` & +⁄ Cr 
) N=H NH 
(a) (b) (c) 


Rank the following compounds ín order of least oxidized 
to most oxidized: 


What do the compounds cyclopropane and propene have 
1n common? 


Z5 T7 


Cyclopropane Propene 


According to Figure 4, which has a higher boiling point: 
gasoline or kerosene? 


The temperatures in a fractionating tower at an oil refinery 
are important, but so are the pressures. Where might the 
pressure in a fractionating tower be greatest, at the bottom 
or at the top? Defend your answer. 

There are five atoms in the methane molecule, CHI,. One out 
of these five is a carbon atom, which is 1/5 x 100 = 20% 
carbon. What is the percent of carbon in ethane, C„H,? 
Propane, C.H;? Butane, C.H¡g? 
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42. Do heavier hydrocarbons tend to produce more or less 
carbon dioxide upon combustion compared to lighter 
hydrocarbons? Why? 


43. Shown below is the structure of 2-methylpentane. What is 
the structure of 3-methylpentane? 


À^ 


2-methylpentane 


44. Name the following structures: 


(a) (b) 


2 Unsaturated Hydrocarbons Have Multiple Bonds 


45. Question 29 shows three molecules, each with a ó-carbon 


ring. Match the following names to each of these structures: 


cyclohexane, cyclohexene, 1,3-cyclohexadiene. 
4ó. Draw the structure for 1,4-cyclohexadiene. 
47. What are the chemical formulas for the following structures? 


ti Tìa qiad 
(a) (b) (c) (d) 


48. Remember that carbon-carbon single bonds can rotate, 
while carbon-carbon double bonds cannot. How many 
different structures are shown below? 


49. Which of the structures shown in the previous question 
need not be designated as either a c¡/s or frans isomer? 


3 Functional Groups Give Organic Compounds 
Character 


S0. What must be added to a double bond to transform it into an 
alcohol? Would this be an example of oxidation or reduction? 


S1. What do phenols and carboxylic acids have in common? 
52. What is the difference between a ketone and an aldehyde? 
53. An ether is to an alcohol as an ester is to 


a. a phenol. 

b. a carboxylic acid. 
c. an amide. 

d. an ether. 


4 _Alcohols, Phenols, and Ethers Contain Oxygen 


54. Why do ethers typically have lower boiling points 
compared to alcohols? 


55. What is the percent volume of water in 80-proof vodka? 
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Só. One of the skin-irritating components of poison oak is 
tetrahydrourushiol: 


©OH 
©^H 


zZ^⁄Z⁄ 


The long nonpolar hydrocarbon tail embeds itself in a person“s 
oily skin, where the molecule initiates an allergic response. 
Scratching the itch spreads tetrahydrourushiol molecules over 
a greater surface area, causing the zone of irritation to ørow. Ïs 
this compound an alcohol or a phenol? Defend your answer. 


57. Cetyl alcohol, C„H¡O, is a common ingredient of soaps 
and shampoos. lt was once commonly obtained from whale 
oil, which is where it gets its name (cefyÏ is derived from cef4- 
cean). ]Ý your text contains the chapter titled “How Molecules 
Mix,” review the discussion of soaps in Section 5 and draw 
the likely chemical structure for this primary alcohol. 


5 Amines and Alkaloids Contain Nitrogen 


58. A common inactive ingredient in products such as sun- 
screen lotions and shampoos is triethylamine, also known 
as TEA. What is the chemical structure for this compound? 


59. A common inactive ingredient in products such as 
sunscreen lotions and shampoos 1s triethanolamine. 
What is the chemical structure for this tri-alcohol? 


60. The phosphoric acid salt of caffeine has the following 


structure: 
©œ lên, 
HC 
Đ) Ñ NH 
) `. .¬ 
O ì N 


CH; 
Caffeine-phosphoric acid salt 


Thịis molecule behaves as an acid in that it can donate a hydrogen 
ion, which is created from the hydrogen atom bonded to the 
positively charged nitrogen atom. What are all the products 
formed when 1 mole of this salt reacts with 1 mole of sodium 
hydroxide, NaOH], a strong base? 


61. Draw all the structural isomers for amines having the 
molecular formula C.H,N. 


ó2. In water, does the following molecule act as an acid, a 
base, neither, or both? 


` ⁄CH; 
N 


HN CH; 


Lysergic acid diethylamide 


Organic Compounds 


63. If you saw the label “phenylephrine HC]I” on a deconges- 
tant, would you worry that consuming it would expose 
you to the strong acid hydrochloric acid? Explain. 


H 
]SÁO)Jmi bi 


HO N Si 
CN, 


Phenylephrine-hydrochloric acid salt 


6 Carbonyl-Containing Compounds 


ó4. An amino acid is an organic molecule that contains both 
an amine group and a carboxyl group. At an acidic pH, 
which structure is more likely? Explain your answer. 


H H Co 
H H O 
In | 


ó5. Identify the following functional groups in this organic 
molecule—amide, ester, ketone, ether, alcohol, aldehyde, 
amine. 


ÓCH; 


6ó. Suggest an explanation for why aspirin has a sour taste. 

67. Benzaldehyde is a fragrant oil. If stored in an uncapped 
bottle, this compound will slowly transform into benzoic 
acid along the surface. Is this an oxidation or a reduction? 


SN Ốks. Đ1BI 
open 
—- 
air 
Benzaldehyde Benzoic acid 


68. What products are formed upon the reaction of benzoïic acid 
with sodium hydroxide, NaOH? One of these products is a 
common food preservative. Can you name it? 


69. The disodium salt of ethylenediaminetetraacetic acid, also 
known as EDTA, has a great affinity for lead ions, Pb#Ỳ. 
Why? What are some useful applications of this chemistry? 


Na Naf 
. 
Sự N "ã 
HO ©OH 
EDTA 


70. The amino acid lysine is shown below. What functional 
group must be removed ïn order to produce cadaverine, 
as shown in Figure 18? 


7 
lô) 
` 
se. ¡nọ _NH, 
ứ 
HO 
Lysine 


7 An Example of Organic Synthesis 


71. How does the total synthesis of multistriatin help to 
protect the elm tree from disease? 


72. What two bonds within the structure of menthol can 
be simultaneously cut to produce two molecules, each 
with the same number of carbon atoms in the same 
configuration? 


OH 


Methanol 


73. Which bond would be best to break in a retrosynthetic 
analysis of the following molecule? 


Ọ 
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74. Under the right conditions, a carboxylic acid and an 
amine can joïin to form an amide. Knowing this, draw the 
structures of two molecules that can be combined to form 
acetaminophen. 


Acetaminophen 


8 Organic Molecules Can Link to Form Polymers 


75. Would you expect polypropylene to be more or less dense 
than low-density polyethylene? Why? 


7ó. Hydrocarbons release a lot of energy when ignited. Where 
does this energy come from? 

77. The polymer styrene-butadiene rubber (SBR), shown 
below, is used to make tires as well as bubble gum. Is it an 
addition polymer or a condensation polymer? 


SBR 


78. Citral and camphor are both 10-carbon odoriferous natural products made from the joining of two isoprene units plus the 
addition of a carbonyl functional group. Shown below are their chemical structures. Find and circle the two isoprene units in 


each of these molecules. 


lÔ) 
` CHạ | 
` © 
"n 
`. 
Z.Z L@ (0181, 


lsoprene 
(2-methyl-1,3-butadiene) 


Camphor Citral 


79. Many of the natural product molecules synthesized by photosynthetic plants are formed by the Joining together of isoprene 
monomers via an addition polymerization. A good example is the nutrient beta-carotene. Hlow many isoprene units are 
needed to make one beta-carotene molecule? Find and circle these units in the beta-carotene structure shown below. 


z 


lsoprene 
(2-methyl-1,3-butadiene) 


9 A Brief History of Plastics 


80. Why ¡is the number of carbon atoms in a sample of 
vulcanized rubber always some multiple of five? 


THINK AND DISCUSS 


82. The solvent diethyl ether can be mixed with water, but only 
by shaking the two liquids together. After the shaking is 
stopped, the liquids separate into two layers, much like oil 
and vinegar. The free-base form of the alkaloid caffeine is 
readily soluble in diethyl ether but not in water. Suggest 
what might happen to the caffeine of a caffeinated beverage 
1f the beverage is first made alkaline with sodium hydroxide 
and then shaken with some diethy] ether. 
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(EVALUATION) 


xưNƯ^ư SG: GÀ: GxNỹ 


beta-Carotene 


81. How is cellophane chemically similar to and different from 


celluloid? 


83. Alkaloid salts are not very soluble in the organic solvent 
diethyl ether. What might happen to the free-base form 
Of caffeine dissolved in diethyl ether if gaseous hydrogen 
chloride, HCI, is bubbled into the solution? 


84. Use the Internet to look up the total synthesis of Taxolổ. 
With this major accomplishment in mind, discuss the 
relative merits of specializing in a single area versus 
becoming an expert in many different areas. When in life 
do we have the opportunity of simultaneously narrowing 
our focus while also expanding our horizons? 


Organic Compounds 


85. Handheld calculators were first made available to the 
general public in the 1970s. They were all the rage, but 
soon faded into the background. The desktop computer 
was the technical wonder of the 1980s. During the 1990s, 
the World Wide Web came to be. What were the techni- 
cal wonders of the first decade after Y2K? What might 


READINESS ASSURANCE TEST 


TƑ uou haue a good hamdle on thís chapter, then yơu should be qble to 
score at least 7 out oƒ 10 on this RAT. Check tour anstuers online at 
tuiui0.ConceptualChermistr.com. Iƒ on score less than 7, you nteed to 
studU further bđf0re 10uins 0n. 


Choose the BEST answer to the following. 
†1. Why does the melting point of hydrocarbons increase as the 
number of carbon atoms per molecule increases? 


a. An increase in the number of carbon atoms per 
molecule also means an increase in the density of the 
hydrocarbon. 


b. There are more induced dipole-induced dipole molec- 
ular attractions. 


c. Larger hydrocarbon chains tend to be branched. 
d. The molecular mass also increases. 


2. What is the number of structural isomers for hydrocarbons 
having the molecular formula C.H¡g? 


a. None 
b. One 
c. TWO 
d. Three 


3. What is the name for the structure shown below? 


a. 3-methy]-4-ethy]-6-methyl-octane 
b. 4-ethyl-3,5-dimethyloctane 
c. 2-ethyl-4-ethyl-5-methyl-heptane 
d. 2,4-diethyl-5-methyl-heptane 
4. Why do heteroatoms make a difference in the physical and 
chemical properties of an organic molecule? 
a. They add extra mass to the hydrocarbon structure. 
b. _Each heteroatom has its own characteristic chemistry. 
c. They can enhance the polarity of the organic molecule. 
d. All of the above are true. 
5. Why mighta high-formula-mass alcohol be insoluble in water? 


a. A high-formula-mass alcohol should be very soluble 
1n water. 


b. The bulk of a high-formula-mass alcohol would likely 
consist of nonpolar hydrocarbons. 


be the wonder 10 years from now? 20 years from now? 
100 years from now? How grateful should we be for 
technological advances? Have they really made our lives 
better? If so, how? Which brings more happiness: get- 
tỉng what you need or getting what you want? 


(RAT) 


c. Such an alcohol would likely be in a solid phase. 


d. For two substances to be soluble in each other, their 
molecules need to be of comparable mass. 


ó. How many possible chemical structures (configurations) 
can be made from the formula C„H;BrF? 


a. One 
b. Two 
c. Three 
d. Four 
7. Explain why caprylic acid, CH;(CH,)„,COOH, dissolves in 


a 5 percent aqueous solution of sodium hydroxide but cap- 
rylaldehyde, CH;(CH,),CHO, does not. 


a. With two oxygen atoms, the caprylic acid is about 
twice as polar as the caprylaldehyde. 


b. The caprylaldehyde is a gas at room temperature. 


c. The caprylaldehyde behaves as a reducing agent, 
which neutralizes the sodium hydroxide. 


d. The caprylic acid reacts to form the water-soluble salt. 


8. How many oxygen atoms are bonded to the carbon of the 
carbonyl of an ester functional group? 


a. None 
b. One 
c. TWO 
d. Three 


9. One solution to the problem of overflowing landfills ¡is to 
burn plastic objects instead of burying them. What would be 
some of the advantages and disadvantages of this practice? 


a. Disadvantage: toxic air pollutants. Advantage: 
reduced landfill volume. 


b. Disadvantage: loss of vital petroleum-based resources. 
Advantage: generation of electricity. 


c. Disadvantage: discourages recycling. Advantage: 
provides new Jobs. 


d. All of the above. 


10. Which would you expect to be more viscous, a polymer 
made of long molecular strands or a polymer made of 
short molecular strands? Why? 


a. Long molecular strands because they tend to tangle 
among themselves. 


b. Short molecular strands because of a greater density. 


c. Long molecular strands because of a greater 
molecular mass. 


d. Short molecular strands because their ends are 
typically polar. 
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Confextual ChemniStrV 


Hair and Skin Care 


hrough our modern lifestyles, 

| we have become accustomed 

to chemical-based products 

that clean and protect our hair and 

skin. These ¡nclude soaps, sham- 

poos, conditioners, moisturizers, 

sunscreens, and many other prod- 

ucts formulated to help us maintain 
a healthy look. 

The essential ingredients of all 
these hair and skin products are 
part of a broad class of compounds 
called surfactants, which is short for 
“surface-active agents.” All surfac- 
tant molecules are polar on one end 
and nonpolar on the other. Because 
of their nonpolar ends, they resist 
dissolving in water and instead  cling 
to water's surface, where their non- 
polar ends stick out of the water. 
Pour some oil onto the surfactant- 
containing water and the nonpolar 
tails will cling to the oil's surface. In 
this way, surfactants bind together 
the surfaces of water and a nonpolar 
material. 


oil 
bớớbbbbGbb6|ÖÄ| «nem 


Wwater 


With a little agitation, the sur- 
factants surface-seeking behavior 
causes the formation of high-surface- 
area suds. With such an increased 
surface area, significant amounts of 
the oil are able to mix with the water, 
forming a single phase known as an 
emulsion. So surfactants don't help 
nonpolar materials to “dissolve in 
water.” lInstead, they just help these 
two materials to become mixed. 

The prototypical shampoo surfac- 
tant is the detergent sodium lauryl 
sulfate. A big advantage of deter- 
gents is that in hard water, they don't 
form scum. For a shampoo, this 
is particularly important because, 
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otherwise, the scum would adhere 
to the hair. Rinsing hair first allows 
the removal of polar materials, such 
as salts, dirt, or any loose debris. 
Wetted hair also swells, and this 
opens the hair cuticles, which are 
scale-like structures lining the out- 
side of the hair. The main action of 
the detergent is to remove sebum, a 
skin oil that migrates up the hair and 
into the cuticles. Shampoo formu- 
las vary in their cleansing strength. 
Those formulated for “oily” hair are 
generally stronger than those for- 
mulated for “normal” hair. 


_XXX 05G; Na 


Sodium lauryl sulfate 


Following the shampoo, many 
people apply a hair conditioner, 
which helps to make the hair feel soft 
and helps to minimize frizz due to the 
buildup of static charge. Notably, 
the polar end of a shampoo's sur- 
factant is a negatively charged ion. 
Such a surfactant is called an anionic 
surfactant. The polar end of a hair 
conditioners surfactant, however, 
is a positively charged ion. Such a 
surfactant ¡is called a cationic sur- 
†actant. Shampoos and conditioners 
are generally not combined into a 
single formula because the attrac- 
tion these oppositely charged sur- 
factants have for each other would 
defeat their functions. Products that 
are “all-in-one” have the cationic 
surfactants microencapsulated. 

The prototypical hair condition- 


ing surfactant ¡is cetyl trimethyl 
ammonium chloride, also known as 
cetrimonium chloride. lts positive 
charge helps it to bind with the hair 
so that mụuch of it remains on the 
hair even after rinsing. The result ¡is 
hair that feels smoother and is easier 
to manage. Laundry fabric softeners 
work by the same principle. 


CHỊ, 
| = 
+ Œ 
ZN 
HC CH, 


Cetyl trimethyl ammonium chloride 


The trick to having comfortably 
moist skin is to maintain the moisture 
already found within the skin. The 
deeper parts of your skin are up to 
80 percent water. Because skin has so 
mụuch more water compared to the 
surrounding air, the general move- 
ment of moisture is from the skin out- 
ward. Skin oils help the outer layers of 
skin to retain much of this moisture. 
Your skin, however, will begin to feel 
dry when there is an increase in the 
rate at which your skins moisture 
evaporates. This happens when the 
air is very dry or when your skin oils 
are removed by strong soaps or deter- 
gents. Rather than splashing water on 
your dry skin, a more practical solution 
is to coat your skin with a moisture- 
protecting nonpolar material that can 
enhance or mimic the action of skin 
oils. Commonly used materials include 
compounds such as propylene glycol, 
glycerin, and dimethicone. The best 
way to apply these compounds to the 
skin is with an emulsion made using 
nonionic surfactants, such as poly- 
ethylene glycol stearate, also known 
as PEG-100. Nonionic surfactants are 
used for moisturizers because they 
tend to be less irritating and less likely 
to remove skin oils. 
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FDA ¡in 2006 after its 


O©OH 
HO Ị H CH, H8 use for decades in other 
kg: ` ng : countries. The other 
x” s.  b: H,C” Xứ MỸ CH; two UV-A blockers are 
Wc ch titanum dioxide and 
Propylene glycol Dimethicone zinc oxide, both opaque 


Polyethylene glycol stearate 


Add UV-absorbing compounds 
to a skin moisturizer and you have 
sunblock lotion. Making a sunblock 
lotion water resistant, however, is 
problematic. Upon exposure to 
water, the surfactants within the 
lotion help to remove the lotion. 
Manufacturers generally recom- 
mend that you reapply the lotion 
after swimming. Lotions that mini- 
mize the use of surfactants have 
increased water resistance, but they 
tend to be oily or greasy. For these 
reasons, many water-resistant formu- 
las include compounds that polym- 
erize into a nonpolar, water-resistant 
film that helps to hold the sunscreen 
agent on the skin when wet. 

A special consideration Íor sun- 
screens is the portion of the UV spec- 
trum they are able to block. Nearly 
all sunscreens effectively block the 
region from 290 to 320 nm, known as 
UV-B. The traditional Sun Protection 
Factor (SPF) rating system indicates 
the effectiveness of a sunscreen lotion 
in blocking UV-B, which causes sun- 
burn. Scientists, however, are finding 
that the range from 320 to 400 nm, 
known as UV-A, is more responsible 
for skin wrinkling as well as skin cancer. 
Sunscreens blocking both UV-A and 
ÚV-B are labeled “Broad Spectrum.” 

As of 2011, the U.S. Food and 
Drug Administraton (FDA) has 
approved only 17 compounds for 
use as sunscreens. Of these, only 
four are UV-A blockers. The most 
widely used of these four, avoben- 
zone, ¡is easily formulated ¡nto a 
lotion, but ít quickly loses potency i¡f 
not properly formulated with stabi- 
lizers. The more stable UV-A blocker 
mexoryl SX was approved by the 


minerals that are imprac- 
tical to apply over large 
body-surface areas. The 
lists of approved UV-B 
and UV-A sunscreens in 
other countries, such as 
Australia and Canada, 
and in European nations are much 
longer. These countries treat sun- 
screens as cosmetics, while the 
United States treats them as drugs, 
which are subject to more rigor- 
ous regulations. Since 1978, only 
three additional sunscreen agents— 
avobenzone, mexoryl SX, and zinc 
oxide—have been approved by 
the FDA. 


O l®) 
lI II 


H,C-O 


Avobenzone 


Another way to help skin maintain 
a youthful look ¡is to apply alpha- 
hydroxy acids, such as glycolic acid. 
These compounds serve as exfoli- 
ants, which means they help in the 
removal of dead outer skin. This stim- 
ulates the skin to generate new cells 
that help to hide thin-line wrinkles. 

Discussed here are only the main 
chemicals usedl to formulate hair- and 
skin-care products. As any casual look 
at an ingredients list tells you, many 
other chemicals serve other burposes. 

Looking to the immediate future, 
there are some areas where skin care 
may soon make some_ significant 
advances. As we grow older, our skin 
wrinkles, because ¡it has lost much 
of its elasticity. One of the reasons 
for this loss of elasticity is the forma- 
tion of chemical bonds, called cross- 
links, between adjacent strands of 
collagen, which ¡is the fundamental 
fiber skin cells create to form skin. 
Numerous agents that effectively 
inhibït and even reverse these colla- 
gen crosslinks have been discovered 


and are currently undergoing clinical 
trials. One such agent ¡is 2-amino- 
3,4-dimethylthiazole hydrogen bro- 
mide. Search the Internet for recent 
developments. 


CONCEPTCHECKE 


What do shampoos, hair condition- 
ers, moisturizers, and sunscreen 
lotions all have in common? 


CHECK YOUR ANSWER They 
all contain surfactants, which are 
molecules that have both polar 
and nonpolar ends and permit the 
formation of emulsions. 


Think and Discuss 


1. In an effort to speed up the drug 
approval process, the U.S. FDA 
created a special “fast-track” sys- 
tem for agents that show unusual 
promise or for agents that have 
been shown to be generally safe 
after years of use in other coun- 
tries. Why are there so few sun- 
screen agents currently within 
this fast-track system? Should 
sunscreen agents continue to be 
classified as drugs? 


2. lfa collagen cross-linking agent is 
determined to be safe by the FDA, 
should this agent be available only 
by prescription, or should ít be 
made available to consumers over 
the counter? lf this agent notice- 
ably helped to reduce skin wrin- 
kling, how popular might it be? 
Assuming you were in your 50s, 
how much would you be willing to 
pay for a year's supply? 


3. What criteria do you use in 
deciding what shampoo to 
buy? List the following in order 
of importance: the price, the 
brand name, the ingredients 
named on the front label, those 
listed on the back label, the fra- 
grance, commercial advertise- 
ments, recommendation from a 
friend, and your experience with 
the shampoo. 
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Solutions to Odd-Numbered Chapter Ouestions 


1. Structural isomers have different arrangements of carbon 
atoms, but the number of carbon atoms each has ¡is the same. 


3. Boiling points of hydrocarbons are used for fractional 
distillation. 


5.5aturated hydrocarbons have only single bonds. 


Dnsaturated hydrocarbons have multiple bonds. 


7. Aromatic compounds contain a six-membered ring system 
called a benzene ring. 


9. Heteroatoms give an organic molecule its “character.” 
They are typically electronegative and affect the physical and 
electrical properties of the molecule. 


11. An alcohol simply contains a hydroxyl functional group, 
but a phenol has a hydroxyl group attached to a benzene 
ring. 


13. Nitrogen is found in all amines. 


15. Alkaloids are alkaline amines found in nature, although 
they can also be synthesized in the laboratory. 


17. Both contain carbonyl groups. Ketones have the carbonyl 
carbon bonded to two ađjacent carbon atoms, but aldehydes 
have the carbonyl carbon bonded either to one hydrogen and 
one carbon or to two hydrogens. 


19. The quantities of the molecule available in nature may be 
insufficient to allow for its use by many people. 


21. One of the bonds in the multiple bond of a monomer 
opens to form a new bond with a neighboring monomer 
molecule. 


23. The chlorine atoms of the polyvinylidene chloride are 
good at forming induced đipole-induced dipole molecular 
1nteractions . 


25. Teflon® was used to line the valves and ducts of an 
apparatus they were building to make nuclear weapons. 


27. PETE has a Ty of around 69°C, which is why a PBTE 
2-liter bottle deforms so easily when placed in boiling water. 
Zipper seal sandwich bags are also commonly made of 
PETE. People who wash the bags in hot water (rather than 
throw them away) will note that the bags are much softer 
and more flexible in hot water than at room temperature. 
The T, of polystyrene is around 100°C. This is good news 
for polystyrene (StyrofoamTM) coffee cups, which otherwise 
would not be able to hold hot water very well. 
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29. Compound c, C.H¡z„ has more hydrogens than compound 
b, C2H¡¿„ which has more hydrogens than compound a, C.H,. 


31. Recall that the hydroxyl group, —OH, is very polar. 
The more hydroxyl groups a compound has, the greater 
its polarity, which means the greater its solubility in water. 
Compound a is nonpolar and insoluble in water. Compound 
b has a single hydroxy]l group, which makes this compound 
somewhat soluble in water. Compound c has two hydroxyl 
groups, which makes it very soluble in water. 


33. The order of least to most oxidized is b <a < d< c, where 
c is most oxidized. Note that this was the order of their 
presentation in the chapter. The most reduced hydrocarbons 
were introduced first, followed by the alcohols, followed by 
the aldehydes, followed by the carboxylic acids. 


35.Because of greater ¡induced dipole-induced dipole 
molecular attractions. 


37. Only two structural isomers are shown. Actually, the one 
in the middle and the one on the right are two conformations 
of the same isomer. 


39. To make it to the top of the fractonating column, a 
substance must remain in the gaseous phase. Only substances 
with very low boiling points, such as methane (bp —160°C) 
are able to make it to the top. According to Eigure 3, gasoline 
travels higher than kerosene; so it must have a lower boiling 
point. Kerosene, therefore, has the higher boiling point. 


41. The percent carbon increases as the hydrocarbon gets 
bigger. Methanes percent carbon is 20%; ethane, 25%; 
propane, 27%; and butane, 29%. 


43. First, fnd the longest chain of carbon atoms. Notice that 
this is a five-carbon chain, which ¡is indicated by the enf- 
prefix of penfane (pen†- means 5, as in a pentagon, which is a 
polygon with five sides). Also notice that the methy] group 
comes off the second carbon of this chain, which is what 
the 2 of 2-methyl-pentane indicates. Accordingly, 3-methyl- 
pentane has the methyl group coming off the third carbon. 
In organic chemistry, the names of the molecules generally 
describe their structures. 


đi: diều. 


3-methyl-pentane 


Orpanic Compounds 


45. Ais1,3-cyclohexadiene; Bis cyclohexene; Cis cyclohexane. 
47. (a) C;H:¿ (b) C;H¡; (c) C.H:gO (4) C.HO 


49. The first molecule on the far left need not be identified 
as a cis or trans isomer. The reason for this is because it has 
two methy] groups attached to the first carbon of the double 
bond. If the ethyl group attached to the second carbon o£ the 
double bond were to flip to the upper side, then we would 
still have the same molecule. 


51. Both of these functional groups are acidic. 


53. Replace the hydrogen of a hydroxyl group with a carbon 
and you have an ether. Similarly, replace the hydrogen of a 
carboxylic acid with a carbon and you have an ester. Therefore, 
an ether is to an alcohol as an ester is to a carboxylic acid. 


55. The 80 proof vodka is 40 percent ethanol by volume, and 
hence 60 percent water. 


57. Like many natural oils derived from fats, the carbons 
within cetyl alcohol are arranged in sequence with no 
branching. 


59. Three ethanols surrounding a central nitrogen atom make 
triethanolamine. 


61. " 
H=C=H 
H 
Nư Ị |ịu _ 
ĐỘ PP Nho, cớ" Ni Š Z7  XN ” `. 
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63. No. This label indicates that the decongestant contains 
the hydrogen chloride salt of phenylephrine but no acidic 
hydrogen chloride. This organic salt is as different from 
hydrogen chloride as sodium chloride (table salt) is, which 
may also go by the name “the hydrogen chloride salt of 
sodium.“ Think of it this way: Assume you have a cousin 
named George. Now you may be George“s cousin, but in 
no way are you George. In a similar fashion, the hydrogen 
chloride salt of phenylephrine is made using hydrogen 
chloride, but it is in no way hydrogen chloride. A chemical 
substance ¡is uniquely different from the elements or 
compounds from which ¡t is made. 


65. 1. ether 
2.amide 
3. ester 
4. amide 
5. alcohol 
6. aldehyde 
Z. amine 
8. ether 

9 


. ketone 


67. The transformation of benzaldehyde to benzoic acid is an 
oxidation. 


69. EDTA ¡s used to help remove lead from people, usually 
children, suffering from lead poisoning. 


Pb?T 
Ø. ẤP Ô. Ö 


YY 
ha “àic 


O©H 
Z1. The female elm bark beetle produces multistriatin, which 
1s a pheromone that attracts the male elm bark beetle. This 
male beetle, however, carries a fungus that invades and kills 
the elm tree. Synthetically produced multistriatin can be used 
to lure the male beetle into traps, thereby protecting the elm 
tree from dđisease. 


73. It is easier to piece together two large fragments of a 
molecule than to piece together many tinier fragments. In a 
retrosynthetic analysis, therefore, it makes the most sense to 
divide the molecule into the two largest portions possible, 
which for this molecule means breaking the bond adjacent to 
the five-membered ring. ÀA working organic chemist would 
unđerstand how these two fragments could be obtained from 
the commercially available compounds cyclopentanone and 
3-methylbutanal. 


®) O O 


`... 


cyclopentanone 3-methylbutanal 
75. Polypropylene consists of a polyethylene backbone with 
methyl groups attached to every other carbon atom. This side 
group interferes with the close packing that could otherwise 
occur among the molecules. As a consequence, we find that 
polypropylene ¡is less dense than polyethylene—even low- 
đensity polyethylene. 


77. Note the similarities between the structure of SBR and 
polyethylene and polystyrene, all of which possess no 
heteroatoms. SBR is an addition polymer made from the 
monomers 1,3-butadiene and styrene mixed together in a 
3:1 ratio. Note that the butadiene monomer has two double 
bonds. One of them is used up in the polymerization. The 
other one remains after the polymerization. Interestingly, 
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Organic Compounds 


SBR is the key ingredient that allows the formation of bubbles 
when chewing bubble gum. 


79.Initially, the beta-carotene structure looks rather 
complex. Ủpon careful examination, however, we find that 
this molecule ¡is simply the result of the joining together of 
eight smaller isoprene units. Similarly, many of the molecules 
youˆve been studying in this chapter may have looked rather 
intimidating initially. With a basic understanding of the 
concepts of chemistry, however, you] find that you already 
have a better insight into their properties. 


81. Both cellophane and celluloid are produced from cellulose, 
which is a plant material. Cotton, for example, is a form of 
pure cellulose. These materials differ in how the cellulose 
1s treated to make the product. For cellophane, the cellulose 
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is treated with concentrated sodium hydroxide followed by 
carbon disulfde to make a syrupy solution from which the 
cellophane can be extruded. For celluloid, the cellulose is 
treated with nitric and sulfuric acids and then made pliable 
by adding camphor, which serves as a “plasticizer,”“ an agent 
that makes an otherwise brittle material become soft and 
supple. 


83. The HCI would react with the free base to form the water- 
soluble but điethyl ether-insoluble hydrochloric acid salt of 
caffeine. With no water available to dissolve this material, 
1t precipitates out of the diethyl ether as a solid that may be 
collected by filtration. 


85. These are important considerations. Answers may vary. 


NufrienfS Of LIÍC 


From Chapter 13 of Cơnceptual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
AlI rights reserved. 
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- We are what we eat. 
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Biomolecules Are Producedl and 
Utilized in Cells 


Carbohydrates Give Structure 
and Energy 


Lipids Are Insoluble in Water 


Proteins Are Polymers of Amino 
Acids 


Nucleic Acids Code for Proteins 


Vitamins Are Organic, Minerals 
Are lnorganic 


Metabolism ls the Cycling of 
Biomolecules through the Body 


The Food Pyramid Summarizes a 
Healthful Diet 


NuirienfS Of LIÍC 


THE MAIN IDEA 


There are four main classes of biomolecules. 


e absorb molecules from the food we eat and 
VWVm use them for energy or incorporate 

them into the various structures that give our 
bodies both form and function. Interestingly, no molecule 
in a living organism is a permanent resident; rather, 
there is perpetual change as ingested food molecules are 
transformed and utilized to replace older molecules. Within 
a đecade, most of the molecules in a human body have 
been replaced by new ones—the body you have today is 
literally not the same as the body you had seven years ago. 

Although your molecules are continually replaced, the 
genetic code that guides the assembly of those molecules 
1s still pretty much the same. This is similar to what 
we see with identical twins who are made of different 
molecules but share pretty much the same genetic code. 
No one would claim two identical twins to be the same 
person. Similarly, perhaps you are as different from 
your past self as two identical twins are from each other. 
Perhaps an individual/s identity is not static, but is 
continually re-established every moment. 

Although this chapter cannot promise any insights into 
the intriguing questions of existence, it wilÏ give you a 
basic understanding of biørolecules—the molecules that 
make up living organisms—and the remarkable roles they 
play in your body. 
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Sweet Enzymes 


Look at a soda cracker and 
contemplate eating it. lÍ you re 
hungry, this should help to stimulate 
your salivary glands to produce 
extra enzyme-containing saliva. Use 
salt-free or low-salt crackers with no 
additive flavorings, if available. 


PROCEDURE 


1. Place the cracker in your mouth 
and start chewing for as long as 
possible without swallowing. 


2. Note any apparent change in 


. Rice candies are popular in Asian 


.- Why is it important to chew 


¡t is a catalyst for biomolecular F 
reactions, such as the breaking 

down of food molecules. Enzymes 
in your saliva work to break Ả 
down complex starch molecules, 
which have little flavor, into 
simple carbohydrate molecules, 
which are sweet. Did you notice 
that the cracker tasted sweeter 
the longer it was in your mouth? 


cultures. What do you suppose is 
done to the rice to convert it to a 
“candy“? 


sweetness. your foodl thoroughly before 


swallowing it? 
ANALYZE AND CONCLUDE 


1. An enzyme is a large biomolecule 
that helps to speed up chemi- 
cal reactions. ln other words, 


4 Biomolecules Are Produced and Utilized in Cells 


EXPLAIN THIS 
Why aren“t nucleic acids commonly listed on nutrition labels? 


The fundamental unit of almost all organisms is the cell. Typically, cells are so 
small that you need a microscope to see them individually. About ten average- 
sized human cells, for example, could fit within the period at the end of this 
sentence. Figure 1 shows a typical animal cell and a typical plant cell. 

Every cell has a plasrna tembrane. More than just a boundary, the plasma 
membrane controls the passage of molecules into and out of the cell and 
provides sites where important chemical reactions occur. In animal cells, the 
plasma membrane is the outermost part of the cell, but the plasma membranes 
of plant cells are bounded by a rigid cell :uall that protects the cells and gives 
them structure. 

Housed within each of these cells is a cell rwcleus, which contains the 
genetic code. Everything between the plasma membrane and the cell nucleus 
1s the c/foplasm, which consists of a variety of microstructures suspended in a 
viscous liquid. These microstructures, called oreanelles, work together in the 
synthesis, storage, and export of important biomolecules and in the production 
Of energy from food and oxygen. 

The great majority of the biomolecules used by cells are carbohydrates; 
lipids; proteins; and, in lesser quantities, the nucleic acids. In addition, most 
cellular reactions require small amounts of vitamins and minerals in order to 
function properly. We now discuss all these categories of biomolecules. 


LEARNING OBJECTIVE 


Identify the basic components of a 
cell and the four major classes of 
biomolecules. 


"H...... 


What does every cell have? 
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} Figure 1 

Macroscopic, microscopic, and 
submicroscopic views of an animal and 

a plant. The atoms of the biomolecules 
are indicated by color: white = hydrogen; 
black = carbon; red = oxygen; blue = 
nitrogen; and orange = phosphorus. 


Plasma Plasma 
membrane Organelles membrane 
© 


Nucleus 


Organelles 


Animail cell Plant cell Cell wall 


Cells 


Carbohydrate Lipid Protein Nucleic acid 


Biomolecules 


2 Carbohydrates Give Structure and Energy 


LEARNING OBJECTIVE EXPLAIN THIS 


How many water molecules are needed to make a single molecule of 


Recogdnize the molecular 
glucose? 


structures of simple and complex 
carbohydrates. 


Carbohydrates are organic molecules produced by photosynthetic plants, con- 
taining carbon, hydrogen, and oxygen. The term cørbohydrafe is derived from 
the fact that plants make these molecules from carbon (from atmospheric carbon 
dioxide) and water. The term saccharide is a synonym for carboln/drafe, and a 
monosaccharide (“one saccharide”) is the fundamental carbohydrate unit. In most 
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4 Figure 2 

Honey is a mixture of the monosaccharides 
glucose and fructose. Glucose has a six- 
membered ring, and fructose has a five- 
membered ring. The stick structures are 
shown below each molecular model. 


Glucose Fructose 


monosaccharides, each carbon atom is bonded to at least one oxyøen atom, most 
often within a hydroxyl group. There are many kinds of monosaccharides. The 
structures of the two most common monosaccharides, glucose and fructose, are 
shown ïn Figure 2. 

Monosaccharides are the building blocks of đisaccharides, which are 
carbohydrate molecules containing two monosaccharide units linked together. 
Figure 3 shows table sugar—sucrose—the best-known disaccharide. In the 
digestive tract, sucrose is readily cleaved, or separated, into its monosaccharide 
units, ølucose and fructose. 


CH;OH 


H h OH HOCH;,Qo_ H 
H l H1 HỘ 
HÒ 0 CH„OH 
OH H 


H OH 


Sucrose 


| 
CH;OH 


H 
OH H H HO 
HO OH HO CH;OH 
^ Figure 3 
H ©H ©H H 


Disaccharides, such as sucrose, consist of 
two chemically bonded monosaccharide 
units, which are cleaved during digestion. Glucose Fructose 
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) Figure 4 

Milk and milk products contain the 
disaccharide lactose, which is digested to 
galactose and glucose. 


446 


Nutrients of Life 


Lactose, shown in Figure 4, is another important disaccharide. Lactose 
1s the main carbohydrate in milk. In the digestive tract, it is cleaved into the 
monosaccharides galactose and glucose by the enzyme lactase, which most 
children produce in abundance up to about the age of 6. Thereafter, the produc- 
tion of this enzyme decreases, with the result that some adults produce little or 
none. This leads to lzcfose intolerance, a condition in which ingestion of milk or 
milk products leads to bloating, flatulence, and painful cramps. These symp- 
toms result as certain intestinal bacteria vigorously digest the lactose. In doïing 
so, they generate large amounts of gases, such as hydrogen, H;. To relieve these 
symptoms, some milk products are treated with Acidoplilus bifidus, a strain of 
bacteria that destroy gas-causing bacteria in the digestive tract. Some lactose- 
intolerant individuals add commercially available lactase enzyme to milk or 
milk products before consuming them. 

Monosaccharides and disaccharides are classified as símple carbohdrates. 
The word s/mple is used because these food molecules consist of only one or 
two monosaccharide units. Most simple carbohydrates have some degree of 
sweetness and are also known as SU9Qñ7s. 


Polysaccharides Are Complex Carbohydrates 


Polymers are large molecules made of repeating monomer unifs. 
Monosaccharides are the monomers that link to form the biomolecular 
polymers called øolsaccharides, which contain hundreds to thousands of 
monosaccharide units. Polysaccharides can be built from any type of mono- 
saccharide units. Qur bone joints are lubricated by the polysaccharide hyal- 
uronic acid, for example, which consists of alternating glucuronic acid and 
N-acetylglucosamine, as shown in Figure 5a. 


CH;OH 
CH;OH Hư O_OH 
HO O H 
SANG: 6.2... 
OH H 
H H H OH 
H OH 
Lactose 
CH,OH CH;OH 
HO OOOH 1H © OH 
H H H 
OH OH H 
H H HÒ H 
H OH H ØH 
Galactose Glucose 
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Hyaluronic acid— AT H O H ï 
@ 
c. H NHCCH; 
jEI @ØH N-Acetylglucosamine 


Glucuronic acid 


N-Acetylglucosamine 


The exoskeletons (protective shells) of insects and some marine organisms, 
such as crabs and shrimp, are made of chitin (pronounced kite/-in), a hard, 
resilient polysaccharide made of the monosaccharide N-acetylglucosamine, 
shown in Figure 5b. The wood varnish known as shellac contains the chitin 
from the exoskeletons of insects. In powdered form, chitin is now finding use 
as a dietary fiber supplement. 

Although a polysaccharide can be made of any type of monosaccharide 
unit, the polysaccharides in the human diet are made only of glucose. These 
polysaccharides include sfarch, elcosen, and cellulose, which differ from one another 
only in the way the glucose units are connected together. All polysaccharides, but 
especially the ones in our diet, are known as corrplex carbohydrates. Complex refers 
to the multitude of monosaccharide units linked together. 


4 Figure 5 

(a) Hyaluronic acid, a lubricant in bone 
joints, is a polysaccharide consisting of 

the monosaccharides glucuronic acid and 
Ñ-acetylglucosamine. (b) The exoskeletons 
of insects, crabs, shrimp, and lobsters are 
made of chitin, a polysaccharide containing 
only N-acetylglucosamine units. 


Carbohydrates 
Simple Complex 


Monosaccharides  Polysaccharides 


Glucose Hyaluronic 
Fructose acid 
Chitin 
Disaccharides Starch 
Sucrose Glycogen 
Lactose Cellulose 
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What is starch? 
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Starch granules 
in potato cell 
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CON EPEbinCcHECTE 


What makes a simple carbohydrate simple and a complex carbohydrate 
complex? 


CHECK YOUR ANSWER VW refer to a carbohydrate as simple when ït consists of 
only one or two monosaccharide units per molecule. Complex carbohydrates consist 
of large numbers of monosaccharide units per molecule. 


Starch is a polysaccharide produced by plants to store the abundance of 
ølucose formed during photosynthesis, the process by which plants convert 
solar energy to the chemical energy of sugar molecules. Ôn cloudy days or at 
night, the breakdown of starch polymers to glucose gives the plant a constant 
energy supply. Animals can also obtain glucose from plant starch, which makes 
plant starch an all-important food source. Most plants store the starch they pro- 
duce either in their seeds or in their roots. 

Plants produce two forms of starch, ø/lose and amylopecfin, as 1llustrated 
in Figure ó. In amylose, the glucose units are linked together in unbranched 
chaïns that coil. In amylopectin, the glucose units are linked together in coiling 
chaïns that branch periodically. The starch of most starchy foods, such as bread 
and potatoes, is about 20 percent amylose and 80 percent amylopectin. As 
these foods are digested, glucose units are broken off the ends of the chains. In 
Figure 6, you can see that because of its branching, amylopectin has more ends 
than amylose does. Therefore, amylopectin releases glucose unifs at a faster 
rate than amylose does. 


Amylose 
(20%) 


hô 
: 


á Amylopectin 


+ (80%) 


^ Figure ó 


Amylose and amylopectin are two forms of plant starch. 
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When amylose and amylopectin are digested, which one supplies glucose 
at a faster rate? 


CHECK YOUR ANSWER There is more branching in amylopectin and therefore 
a greater number of ends per molecule. The digestion of amylopectin produces more 
glucose molecules at a faster rate and therefore is a quicker and more immediate 
supply of glucose. 


Animals store their excess ølucose by converting it to glycogen, a polymer 
made of hundreds of glucose monomers and sometimes referred to as a1mal 
sfarch. Glycogen has a structure much like that of amylopectin but with a 
greater extent of branching, as shown in Figure 7. Between meals, when glu- 
cose levels drop, the body metabolizes glycogen to glucose. GÏycogen therefore 
serves as our ølucose reserve. Most of this glycogen is stored in our livers and 
muscle tissue. 

Cellulose, a structural component of plant cell walls, is also a polysaccharide 
of glucose. The glucose in cellulose, however, is slightly different from the 
ølucose ¡in starch and glycogen. As highlighted in Figure 8, the glucose in cel- 
lulose is identical to the glucose in starch except for the orientation of one 
hydroxyl group. Because this particular hydroxyl group ¡is involved ¡in the 
Joining of glucose monomers, the way in which the glucose units join together 
is affected. The glucose units of starch and glycogen are connected by what 
¡s called an alpha (ø) linkage, which results in a coiling of the polysaccharide 
strand. The glucose units of cellulose are connected by a beta (8) linkage, which 


Glucose 
monomers 


Glycogen granules 
in muscle tissue 


^ Figure 7 
The complex carbohydrate glycogen, a polymer of glucose, is found in animal tissue. 
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(b)  Cellulose 


^ Figure 8 

The glucose units of starch and cellulose are bonded in different orientations. (a) In 

starch, polymerization of a-glucose units results in polysaccharide strands that tend to coil. 
(b) In cellulose, polymerization of Ø-glucose units results in polysaccharide strands that do not 
coil and so can align with one another. 


Hydrogen 


Cellulose fibers in bonds 
a plant cell wall 


: >> Cellulose 
` 
` molecules 


^ Figure 9 

Strands of cellulose in a plant, including the leaves held by Maitreya, are joined by hydrogen 
bonds. These microscopic fibers are laid down in a crisscross pattern to give strength in many 
directions. 


Nutrients of Life 


results in straipht uncoiled, unbranched chains. These two attributes of cel- 
lulose molecules allow the polysaccharide strands to align much like strands 
of uncooked spaghetti. This alignment maximizes the number of hydrogen 
bonds between strands, which makes cellulose a tough material. Plants pro- 
duce microscopic cellulose fibers in a crisscross fashion, as shown in Figure 9, 
increasing their structural strength. 

Cellulose serves as the primary structural component of all plants. Cotton 
1s nearly pure cellulose. Wood, made largely of cellulose, can support trees that 
are as much as 30 meters tall. Cellulose is by far the most abundant organic 
compound on the Earth. 

Most animals, including humans, are not able to break down cellulose 
into its monomer units, glucose. Instead, the cellulose in the food we eat 
serves as dietary fiber that helps in regulating bowel movements. In the large 
intestine, cellulose-based fiber absorbs water and has a laxative effect. Waste 
products are therefore moved along faster and, with them, harmful bacteria 
and toxins, including carcinogens. Microorganisms that live in the digestive 
tracts of wood-eating termites and grass-eating ruminants, such as cattle, 
sheep, and goats, can break down cellulose to glucose. Strictly speaking, ter- 
mites and ruminants do not digest cellulose. Rather, they digest the glucose 
produced by the cellulose-digesting microorganisms that live inside them, as 
shown in Figure 10. 


3 Lipids Are Insoluble in Water 


EXPLAIN THIS 


Why would it be a good idea to coat yourself in grease before swimming the 
English Channel? 


Lipids are a broad class of biomolecules. Although structurally diverse, all 
lipids are insoluble in water because their molecular structures are largely 
made of hydrocarbons. In this section, we discuss two important types of 
lipids: ##fs and sferoids. 


Fats Are Used for Energy and Insulation 


A fat is any biomolecule formed from the reaction between glycerol, CzHgOa, 
and three fatty acid molecules, as shown in Figure 11. A ƒ#ff acid is a long- 
chain hydrocarbon terminating in a carboxylic acid group. Typically, the chains 
include an even number of carbon atoms (between 12 and 18) and may be 
either saturated or unsaturated. A swfurafed chain contains no carbon-carbon 
double bonds and an 1safurated chain contains one or more carbon-carbon 
double bonds. Note that, like carbohydrates, fats contain only carbon, hydro- 
gen, and oxygen. Fats and carbohydrates have similar elemental compositions 
because both plants and animals synthesize fats from carbohydrates. There is 
a sipnificant difference in the structures of these two types of biomolecules, 
however, as you can readily see by comparing Eigures 8 and 11. Because fats 
are synthesized from three fatty acids and glycerol, they are commonly referred 
tO as frielUcerides. 

Fats are stored in the body in localized regions known as fat deposits. These 
deposits serve as important reservoirs of energy. Fat deposits directly under 


^ Figure 10 


(a) A termite digests glucose produced 


by (b) cellulose-digesting microorganisms 


living in the termite's digestive tract. 


LEARNING OBJECTIVE 


Compare and contrast the 
properties of fats and steroids. 
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} Figure 11 

A typical fat molecule, also known as 

a triglyceride, is the combination of 

one glycerol unit and three fatty acid 
molecules. Note that this reaction involves 
the formation of three ester functional 
groups. 


^ Figure 12 

The walrus and other polar species are 
insulated from the cold by a thick layer of 
†at beneath their skin. 


".-..----: 


What sort of molecular attractions hold 
the aligned chains of fat molecules 
together? 
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molecules 


Glycerol Fatty acid molecules Fat molecule, a triglyceride 


the skin help to insulate us from the cold, good news for the walrus shown 
in Figure 12. In additon, vital organs, such as the heart and kidneys, are 
cushioned against injury by fat deposits. 

The digestion of fat is accompanied by the release of considerably more 
energy than is produced by the digestion of an equivalent amount of either 
carbohydrate or protein. There are about 38 kilojoules (9 Calories) of energy 
in 1 gram of fat but only about 17 kilojoules (4 Calories) of energy in 1 gram 
of carbohydrate or protein. The energy content of food is often reported in 
Calories, with an uppercase C, where 1 Calorie = 1 kilocalorie = 1000 calo- 
ries.) 


CÔ) j0 6C 5tr 66c nHnHE=CTK 


Give two reasons animals living in cold climates tend to form a thick layer 
of fat just prior to the onset of winter. 


CHECK YOUR ANSWER Fat provides a source of energy during the winter, when 
food is generally scarce, and it provides insulation from cold winter temperatures. 


As shown in Figure 13a, saturated fatty acid molecules are able to pack 
tightly together because the linear chains of saturated fatty acids align easily 
with one another. Induced dipole-induced dipole attractions hold the aligned 
chains together. This gives saturated fats, such as those found within beef, rel- 
atively high melting poïnts, and as a result, they tend to be solid at room tem- 
perature. Unsaturated fats—those made from unsaturated fatty acids—have 
fatty acid chains that are “kinked“ wherever double bondđs occur, as shown in 
Figure 13b. The kinks inhibit alignment, and as a result, unsaturated fats tend 
to have relatively low melting points. These fats are liquid at room tempera- 
ture and are commonly referred to as ø//s. Most vegetable oils are liquid at 
room temperature because they contain a high proportion of unsaturated fats. 

The fat from an animail or a plant is a mixture of different fat molecules 
having various degrees of unsaturation. Fat molecules containing only one 
carbon-carbon double bond per fatty acid chain are ?000ownsaturated. Those 
containing more than one double bond per fatty acid chain are ?ol/uisaturated. 
Table 1 shows the percentage of saturated, monounsaturated, and polyunsatu- 
rated fats in a number of widely used dietary fats. 


Steroids Contain Four Carbon Rings 


Sferoids are a class of lipids that have in common a system of four fused 
carbon rings. Cholesterol, shown in Figure 14, is the most abundant ste- 
roid by far, and it serves as the starting material for the biosynthesis 
of almost all other steroids, including the sex hormones estradiol and 
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Induced dipole- 4 Figure 13 
induced dipole (a) Saturated fats are typically solid 
attraction ö at room temperature, because of 


molecular attractions between fatty 
acid chains. (b) Unsaturated fats are 
typically liquid at room temperature, 
because molecular attractions are 
inhibited by the kinked nature of the 
fatty acid chains. 


(a) Saturated fat 


(b)_ Unsaturated fat 


testosterone, also shown in Eigure 14. Hormones are chemicals produced 


by one part of the body to influence other parts of the body. For example, HH : 
estradiol, produced by the ovaries, and testosterone, produced by the testes, Fats Steroids 
are responsible for the development of secondary sex characteristics in other Saturated Cholesterol 
pArts of the body. Coconut Testosterone 
Cholesterol is found throughout the body. In fact, the human brain is about - 
10 percent cholesterol by weight. Qur bodies synthesize cholesterol in the liver. EsfUeEcH6l 
In addition, we obtain cholesterol throuph a diet of animal products. Únsaturated 
Many synthetic steroids having a wide variety of biological effects Olive 


have been prepared. Prednisone, for instance, is often prescribed as an anti- 
inflammatory agent for the treatment of arthritis. Synthetic steroids that mimic 
the muscle-building properties of testosterone are also available. These are the 
anabolic steroids, which physicians prescribe to assist patients suffering from 


TABLE 1 Degree of Unsaturation in Some Common Fats 
PERCENTAGE OF TOTAL FATTY ACID CONTENT 
Fat or Oil Saturated Monounsaturated Polyunsaturated 
Coconut 93 6 
Palm Sử 3ó 
Lard 44 4ó 
Peanut 21 49 
Olive 73 
Corn 29 
Soybean 24 
Canola 58 
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) Figure 14 

The sex hormones estradiol and 
testosterone are steroids that the 
body produces from the most 
abundant steroid of all cholesterol. 


CHEMICAL 
CONNECTIONS 


How is vegetable oil 
connected to motor oil? 


LEARNING OBJECTIVE 


Classify the structure of a protein 
based upon the organization of 
its amino acids and describe how 
enzymes work. 
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HạC 
HạC 
HạC 
Cholesterol 
OH 
HạC 
HạC 
Testosterone 
©H 
HạC 
Estradiol 


hormone imbalances and those recovering from severe starvation. Athletes 
have found that these steroids improve performance, but they have many 
negative side effects, including impotence, changes in sexual characteristics, 
and liver toxicity. 


CO MC€CEPTCHECKE 


How are fats and steroids similar to each other? 


CHECK YOUR ANSWER They are both lipids and, hence, insoluble in water. 


4 Proteins Are Polymers of Amino Acids 


EXPLAIN THIS 
Why is lysine the most alkaline amino acid? 


Proteins are large polymeric biomolecules made of monomer units called 
amino acids. An amino acid consists of an amine gøroup and a carboxylic acid 
group bonded to the same carbon atom, as shown ¡in Figure 15. A side group 
1s also attached to the same carbon. All proteins are made from some number 
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and combination of 20 different amino-acid building blocks. These 20 amino 
acids differ from one another by the chemical identity of their side groups, as 
shown in Figure 1ó. 

Amino acids are linked together by pepfide bonds formed in a condensation 
reaction between the carboxylic acid end of one amino acid and the amine end 
of a second amino acid, as illustrated in Figure 17. Condensation reactions are 
marked by the loss of a small molecule, such as water.) A collection of amino 
acids linked together in this fashion ¡s called a pepfzde. The number of amino 
acids in a peptide is indicated by a prefix. A dipeptide is made from two amino 
acids, a tripeptide from three, a tetrapeptide from four, and so on. Peptides of 
ten or more amino acids are called olupeptfides. Proteins are naturally occurring 
polypeptides that have some biological function, and they consist of large nưm- 
bers of amino acids, often up to several hundred. For example, the molecular 
formula of one of the proteins found in milk, casein, is C1sø+HaoiaOsz¿ÌNaøg521, 
which gives you an idea of the size and complexity of some protein molecules. 

Plant and animail tissues contain proteins in both đissolved and solid 
forms. Dissolved proteins reside in the liquid found inside cells and in other 
liquids in the body, such as blood. Solid proteins form skin, muscles, haïr, nails, 
and horns. The human body contains many thousands of different proteins, 
such as those in Figure 18. 


Glycine (Gly) Alanine (Ala) Valine (Val) Leucine (Leu) Isoleucine (Ile) 
H lộ) H H O H O 
| Z | Z II lN. ⁄ 
HÌNE HẠNTCTC XI | kỳ: (Bì HạN—C—C 
OH CH;¿ OH „mm OH OH HạC—CH OH 
HạC CH; AI CH; 
HạC CH¿ CH; 
Serine (Ser) Threonine (Thr) Cysteine (Cys) Methionine (Met) Glutamic acid (Glu) 
H H l6) H 9) H lô) H l®) 
| | Z | Z ⁄ ⁄ 
BẠN HẠN-CT CC HạN—C—C HẠNTCTC HN CC 
CH; OH sp OH CH; OH CH; OH CH; OH 
| | 
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⁄Ñ 
CH; HƠ O 
Aspartic acid (Asp) Lysine (Lys) Arginine (Arg) Asparagine (Asn) Glutamine (Gin) 
H H l®) H l®) H I®) H l®) 
⁄ ⁄ ⁄ ⁄ ⁄ 
HN—C—C HNCCTCCC HNCCTCC HNTCTCC HN TCTC 
Em H €H§ OH CH;- OH Em OH m, OH 
| 
e CH CH C CH 
/Ñ : Ầ ⁄Ä Mễ 
HO O CH; CH; HạN I®) ` 
⁄ 
KCili, NH HN O 
NH; C=NH 
NH, 
Phenylalanine (Phe) Tyrosine (Tyr) Histidine (His) Tryptophan (Trp) Proline (Pro) 
H H I®) H l®) H I®) H l®) 
| | # | / ⁄ ⁄ 
Ln RE còn RẺ Sàn Si ở NET), THỊ =— 
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CH 
NÂ ⁄ NH 2 
VNH 
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Amine group 


Carboxylic 
s x2 
IEiNEsI l@) 


_ 
'— ' Mềm 
| ề 
R OH 
Side group — 
^ Figure 15 


The general structure of an amino acid, with 
R representing the side group that makes 
each amino acid different from all others. 


Amino acid: a small biomolecule 


Polypeptide: a polymer of amino 
acids 


Protein: a polypeptide having 
biological function 


4 Figure 16 

These 20 amino acids are the building 
blocks of proteins. The side groups are 
highlighted in green, and the names 
printed in red indicate the nutrition- 
ally essential amino acids, discussed in 
Section 8. 
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Carboxylic Amine Amide 
acid group group \ group Peptide bond 
mẽ A ¬- Ăn, 1Ì HịT | 
⁄ ⁄ ¡ ⁄ 
Condensat 
H—N—C—C€_ + (HEN_—-C—C — h.*~ H—N—C—Ê*5Ñ-C—C 
L mm Ào | (SA 
R OH R OH 2 R R OH 
(a) Amino acid Amino acid Dipeptide 
lã. lãi. 6) ©) @) lãi - G ^ Figure 17 
| | Ì | | | | | | | | Ì | | | (a) Formation of a peptide bond from 
"Ni: —C=-=Œ€GT.-cCcCT"-ecc:T- (Œ @=G..-. the condensation of two amino acids. 
| | | The resulting dipeptide contains an 
amide group. (b) A polypeptide is ten 
R R R R R or more amino acids linked together by 
(b) Bolypebtlde peptide bonds. 


Some proteins are hormones 
that regulate body metabolism 
and growth. 


^ Figure 18 
The variety of proteins in the human 
body. 


"-. ..‹.-< 


What is a protein's primary structure? 
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Hemoglobin, a transport protein, 
is the component of blood that 
takes the oxygen we breathe to 
our cells. 


Structural proteins are found 
in skin, hair, and bones. 


Contractile proteins in 
muscles allow us to move. 


White blood cells produce antibodies, 
which are proteins that fight infections. 


Enzymes are proteins that 
act as catalysts for reactions 
in the body, including the 
digestion of food. 


Storage proteins serve as a 
source of amino acids in milk. 


Protein Structure ls Determined by 
Molecular Attractions 


The structure of proteins determines their function and can be described on 
four levels, illustrated in Figure 19. The ÿ/mar/ siricfure 1s the sequence of 
amino acids in the polypeptide chain. The secondary siruclure describes how 
various short portions of a chaïn are either wrapped into a coil called an alpha 
helix or folded into a thin pleated shect. The tertiary strucfnre is the way 1n which 
an entire polypeptide chain may either twist into a long fiber or bend into a 
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Primary 
structure \ 


Amino acid 


Secondary 
structure 


N Pleated sheet # 


bond _ l sả? 


AIlpha helix _ 


Tertiary 
structure 


Quaternary 
structure 


4 Figure 19 


Four levels of protein structure. 


ølobular clump. The qafernar structure describes how separate protein chains 
may joïn to form one larger complex. Each level of structure is determined by 
the level before it, which means that, ultimately, it ¡is the sequence of amino 
acids that creates the overall protein shape. This final shape is maintained both 
by chemical bonds and by weaker molecular attractions between amino acid 
side øroups. 

In long polypeptides, the number of possible variations in primary 
structure is astronomical. For example, the number of 20-unit polypeptides 
possible from a single set of 20 different amino acids is a whopping 2.43 x 10”! 
The number of possible polypeptides when more than 100 units are being 
combined is seemingly infinite. This diversity is exactly what is needed for 
building a living organism. 

Althouph functioning proteins have very specific amino acid sequences, 
slipht variations can often be tolerated. In some cases, however, a slight variation 
can result in a life-threatening condition. For example, some people have a 
version of hemoglobin-—a protein found in red blood cells—that has an incorrect  _ Ei 

: sản „ Z R Ề R R igure 20 
amino acid in about 300. That “minor“ error is responsible for sickle-cell anemia,  œ„ the le£t js a red blood cell cont sillg 
an inherited condition with painful and often lethal effects. The sickle shape OÝ the normal hemoglobin protein; on the 
red blood cells characteristic of this disease is shown 1n Figure 20. right, a sickled red blood cell containing 

Attractions between neighboring amino acids in a polypeptide chain are  hemoglobin that has a single wrong amino 
what cause the local contortions that constitute the secondary structure of the acid. The curved shape is reminiscent of 

. : : : : the curved-blade harvesting tool known 
polypeptide. This secondary structure takes its alpha-helix form when sim- ....;.ulẹ, 
pler amino acids, such as glycine and alanine, are grouped together along the 
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) Figure 21 
Electrical forces of attraction maintain the 
tertiary structure of a polypeptide. Hydrophilic 


mã Hydrophobic 


Hydrogen 
bond 


N—H OH 


HiiIII0i(Œ CC 


lonic bond 
(salt bridge) 


ì Disulfide 
$_ bonds 


—CH, 


rữ—©  !IIIIII 


HO—CH, Hydrogen 
bond 


polypeptide chain. As shown in Figure 19, the shape of the alpha helix is main- 
tained by hydrogen bonds between successive turns of the spiral. Proteins 
containing many alpha helices, such as wool, can be stretched because of the 


Proteins (polypeptides with 
biological functions) 


c tructdne D6501PĐiOU springlike properties of the alpha helix. The pleated-sheet version of secondary 

Primary Sequence of structure forms when predominantly nonpolar amino acids, such as phenyl- 
amino acids alanine and valine, are grouped together. Proteins containing many pleated 

Secondary Alpha helix or sheets, such as silk, are strong and flexible but not easily stretched. 
pleated sheet Secondary structure can vary from one portion of a polypeptide chain to 

Tertiary Overall shape another. (For example, one part of a given chain may have a helical secondary 
of single structure while another part of the same chain has a pleated-sheet secondary 
polypeptide structure). 

Quarternary Complex of Tertiary structure refers to the way an entire chain is shaped. Like secondary 
†wWo or more structure, tertiary structure is maintained by various electrical attractions 
polypeptides between amino acid side groups. For some proteins, such as the hypotheti- 


cal one shown in Figure 21, these attractions include disulfide bonds between 
Opposing cysteine amino acids. Also important are the ionic bonds (also known 
as salt bridees) that occur between oppositely charged ions. Hydrogen bonding 
between side øroups can also contribute to tertiary structure, as can induced 
đipole-induced dipole attractions between nonpolar side øroups, such as those 
found in phenylalanine and valine. Because attractions of this last type tend to 
exclude water, they are also known as hdrophobic attraclions. 

Hudroplilic atracHons between a protein and an aqueous medium, such 
as cytoplasm or blood, also help maintain tertiary structure. In a protein dis- 
solved in an aqueous medium, the polypeptide chain ¡s folded in a compact 
way so that nonpolar side øroups are on the inside of the molecule and polar 


& FORYOUR side groups are on the outside, where they interact with the water. The tertiary 
INFORMATION structure of this sort of protein, as shown in Eigure 21, is said to be globular. 
A fibrous protein related to keratin Globular proteins tend to be made of many different types of amino acids. 
is collagen, which is the main protein The two simplest amino acids are glycine and alanine (see Figure 16). 
of connective tissues, such as skin, Proteins made primarily of these two amino acids tend to form alpha helices, 
blood vessels, and muscle tendons. which can align to create long fibers. The tertiary structures of these sorts of 
Collagen differs from keratin in that proteins are said to be fibrous. An important example of a fibrous tertiary struc- 
it has far fewer crosslinks between ture is kerafin, the protein that is the main component of hair and fingernails, 
adjacent alpha helices. As we grow as shown in Figure 22. The strength of this keratin is established primarily by a 
older, however, the number of number of crosslinks between adjacent alpha helices. In general, thick hair has 
crosslinks within collagen increases, more disulfide crosslinks than does fine haiïr. Also, fingernails are hard because 
and this causes the collagen to lose of extensive disulfide crosslinking. 
some of its elasticity. As a result, our Disulfide crosslinks enable haïr to hold a particular shape, such as a curl. 
blood vessels become less resilient Figure 23 illustrates a permanent wave, which can modify the degree of curl 
and our faces become more wrinkled. in hair. The hair is first treated with a reducing agent that cleaves some of the 
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4 Figure 22 

Parallel polypeptide chains may be 
cross-linked by a disulfide bond between 
†wo cysteine side groups. 


ẫ 


Disulfide 
bond 


Alpha helix in keratin 


“ +I Te 4 Figure 23 
A permanent wave breaks and re-forms 


S S sS SH disulfide bonds ¡in hair. 
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disulfide crosslinks. This is usually a smelly step, because some of the sulfur is 
reduced to odorous hydrogen sulfide. Cleaving disulfide crosslinks, however, 
allows the keratin to become more flexible. The hair is then set into the desired 
shape, using rollers ¡f the desired shape is curls or a flat surface ¡f the desired 
shape is straight. An oxidizing agent is then applied to restore the disulfide 
crosslinks, which hold the haïr in its new orientation. 
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Hydrogen bonds between adjacent alpha helices also play an important 
role in making keratin a tough material. When keratin gets wet, these hydrogen 
bonds are disrupted, which is why fingernails soften in water. Hair also softens 
in water. As water molecules slip between the alpha helices, the polypeptide 
strands slide past one another to the extent permitted by the disulfide cross- 
links. As water molecules evaporate, hydrogen bonds between alpha helices are 
reestablished, and the hair toughens to its oripinal shape—unless, of course, 
the haïr is mechanically held in a different shape by, for example, rollers. Hair 
fashioned by wetting maintains its new shape only temporarily, however, 
because disulfide crosslinks ultimately pull the hair back to its natural look. 
Interestingly, a small amount of water in hair enhances the molecular attrac- 
tions between alpha helices. Therefore, curls hold longer in humid climates 
than in dry climates. 

Many proteins consist of two or more polypeptide chains. Such proteins 
have a quaternary structure resulting from bonding and interactions among 
these chains. A good example ¡is hemoglobin (Figure 24), the oxygen-holding 
component of red blood cells. lt is a complex of four polypeptides inside which 
four iron-bearing heme groups are tightly nestled. 


€7 IÚC ETP 0C CGHECK 


Distinguish among hemoglobin's primary, secondary, tertiary, and 
quaternary structures. 


CHECK YOUR ANSWER Hemoglobins primary structure ¡is its sequence of 
amino acids along each polypeptide. The twisting of each polypeptide into an alpha 
helix is ïts secondary structure. The folding up of the full length of each alpha helix 
into a globular shape ¡is its tertiary structure. The combined four polypeptides ¡is the 
quaternary structure. 


Proteins are functional only under very specific conditions, such as at a 
particular pH and temperature. Changes in these conditions can disrupt the 
chemical attractions within a protein and thereby cause a loss of structure, 
which necessarily means a loss of biological function. A protein that has lost 
1s structure is said to be đenafured. A hard-boiled egg, for example, consists Of 
denatured proteins that can in no way support the development of a chick. The 
same atoms are there, but, as tusual, it is the arrangement of atoms and their 
spatial orientations that make all the difference. 


} Figure 24 
Computer-generated model of the 
quaternary structure of hemoglobin, a Fe?* 
protein consisting of four interlinked 

polypeptide chains, each shown in a 

different color. The heme group, shown 

in dark red, is a disk shaped molecule 

that bears an iron ion attracting center. 

Computers are important tools for 

the study of biomolecules, as they help 

scientists visualize complex 3-dimensional 

structures. 


Polypeptide 
chain 
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Enzymes Are Biological Catalysts 


Enzymes are a class Of proteins that catalyze (speed up) biochemical reactions. 
Their function has everything to do with their structure. Wad up a piece of 
paper and you will fnd many nooks and crannies in the paper wad. In a 
similar fashion, there are nooks and crannies on the surface of an enzyme. 
Some of these sites, called recepfor sifes, are special in that reactant molecules, 
called subsfrafes, are able to fit inside them. Like a hand in a glove, a substrate 
molecule must have the right shape in order to fit a receptor site. Molecular 
attractions, such as hydrogen bonding, then hold the substrate molecule in 
the receptor site in an optimal position for reacting. The resulting product 
molecule or molecules are then released, freeing up the receptor site for other 
substrate molecules. 

Figure 25 shows how an enzyme called swcrase breaks down sucrose to its 
monosaccharide units. Once sucrose binds to the empty receptor site on the 
sucrase, the enzyme facilitates the breaking of the covalent bond that links 
the glucose and fructose units together. It does so by holding the sucrose 
molecule in a certain conformation and then changing the electronic char- 
acteristics of this covalent bond so that it breaks easily when attacked by 
water molecules. In the final step, the individual glucose and fructose units 
are released from the enzyme, which is then free to catalyze the splitting of 
another sucrose molecule. 

While some enzymes, such as sucrase, catalyze the splitting of substrate 
molecules, others catalyze the joining together of substrate molecules. In 
all cases, enzymes are so efficient that a single enzyme molecule may act 
on thousands or even millions of substrate molecules per second. Without 
enzymes, most biochemical reactions would not occur at rates rapid enough 
to support lIfe. 

A chemical that interferes with an enzyme“s activity is called an íhibitor. 
Inhibitors work by binding to an enzyme and thereby preventing a substrate 
from binding. They are important regulators of cell metabolism. In many 
instances, an inhibitor ¡is the very product created in an enzyme-catalyzed 
reaction. Once the enzyme produces a sufficient concentration of product, it 
begins to shut down because the product molecules function as inhibitors. 
When the product concentrations diminish enouph, the inhibition stops and 
the enzyme can resume catalyzing the reaction. Many drugs act either by 
inhibiting enzymes or by mimicking an enzyme“s natural substrate. 
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4 Figure 25 

Upon binding to the receptor site on the 
enzyme sucrase, the substrate sucrose is 
split into its two monosaccharide units, 
glucose and fructose. 


461 


LEARNING OBJECTIVE 


ldentify nucleic acids as polymers of 
nucleotides and describe how they 
code for the building of proteins. 


"..-..... 


What information is held by a nucleic 
acid? 


) Figure 26 

A nucleic acid is a long polymeric chain 
of nucleotides, each nucleotide consisting 
of a nitrogenous base, a ribose sugar, and 
a phosphate group. (Nitrogenous means 
“containing nitrogen atoms,” and ribose 
is a certain sugar containing five carbon 
atoms.) 
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5 Nucleic Acids Code for Proteins 


EXPLAIN THIS 
Which is more polar: DNA or RNA? 


The number of different ways in which amino acids can be arranged to make pro- 
teins is astronomical. Yet somehow our bodies are able to assemble amino acids in 
just the right order to bưild proteins that have highly functional structures. How 
the body builds these proteins begins with the fourth category of biomolecules, 
which are the #cleic acids. Nucleic acids hold the information for how amino 
acids need to be linked together to form the organism. The nucleic acids of a fish, 
for example, direct the formation of the proteins that come together to make the 
fish. Likewise, the nucleic acids of a human direct the formation of the proteins 
that come together to make the human. We will introduce you to the chemical 
structures of these amazing biomolecules. 

A nucleic acid is a polymer. The monomer units of the nucleic acid polymer are 
nucleotides, as shown in Figure 2ó. There are two major classes of nucleic acids, 
which are the đeox/ribonncleic acids, or simply DNA, and the r!bomucleic actds, alsO 
known as RNA. DNA ¡is found primarily within the cels nucleus, where it 
holds all the organism“s genetic information. RNA 1s synthesized from DNA 
and transports this genetic information to structures outside the nucleus, where 
the proteins are built from a supply of individual amino acids. 

Figure 27 illustrates the two major classes of nucleic acids, distinguished 
from each other by the type of ribose in the nucleotide monomers. Those with 
an oxygen atom missing on one of the carbon atoms ¡in the ribose ring are 
deoxyribonucleic acids, or simply DNA. These polymers, which are the pri- 
mary source of genetic information in plants and animals, are found in the cell 
nucleus as well as in certain organelles known as mitochondria. Nucleic acids 
that have an oxygen atom on each carbon atom of the ribose, as shown in 
Figure 27, are ribonucleic acids (RNA). These polymers are synthesized in the 
nucleus and then travel outside the nucleus to the cytoplasm, where they direct 
the synthesis of proteins. 

There are four types of nucleotides in a DNA polymer (Figure 27a). These 
four nucleotides differ from one another in the nitrogenous base they contain, 
which may be adenine (A), guanine (G), cytosine (C), or thymine (T). There are 
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Nitrogenous bases 
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^ Figure 27 


(a) The ribose in nucleotides of DNA is missing an oxygen on one of the carbons. The nitrogenous bases of DNA are adenine, 
guanine, cytosine, and thymine. (b) The ribose in nucleotides of RNA ¡s fully oxygenated. The nitrogenous bases of RNA are 


adenine, guanine, cytosine, and uracil. 


also four types of nucleotides used to build RNA polymers (Figure 27b). The 
RNA nucleotides contain the same nitrogenous bases found in DNA nucleotides 
except for thymine. Instead of thymine, RNA nucleotides contain the nitrogenous 
base uracil (U), whose structure is only slightly different from that of thymine. 


CO ETET cCHESGKE 


What are the two ways in which DNA nucleotides differ structurally from 
RNA nucleotides? 


CHECK YOUR ANSWER All DNA nucleotides lack an oxygen atom on the 
ribose. Also, the nitrogenous base in a DNA nucleotide may be adenine, guanine, 
cytosine, or thymine. The nitrogenous base in an RNA nucleotide may be adenine, 
quanine, cytosine, or uracil. 


DNA Is the Template of Life 


Genefics is the study of how living bodies come into being. The story of our 
modern-day understanding of genetics began in the 1850s in an abbey garden, 
where a monk named Gregor Mendel (1822-1884) documented how varieties 
of sweet peas could pass traits, such as flower color, from one øgeneration to the 
next. From Mendels work arose the idea that heritable traits are passed from 
parents to offspring in discrete units called eenes. In the early 1900s, research- 
ers correlated Mendels heritable genes to cellular microstructures known as 
chromosomes, which are elongated bundles of DNA and protein that form 
whenever a celÏ is getting ready to divide (Figure 28). Each gene, it was found, 
resides at a specific location on a particular chromosome. Offspring inherit 
genes by receiving replicates of their parents“ chromosomes. 

Up until the 1940s, it was not known whether the DNA portion or the protein 
portion of the chromosomes was the carrier of genetic information. Most inves- 
tigators were inclined to believe that proteins, with their great diversity, were 
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) Figure 28 

Onion cells in the process of dividing 

show chromosomes that consist of DNA 
and protein molecules clumped together. 
During division, the chromosomes dupli- 
cate themselves in such a way that each 
new cel| receives a full set of chromosomes 
identical to the set in the parent cell. 


) Figure 29 

A ladder made of rope sides and rigid 
wooden rungs can be twisted to create a 
double helix. The ropes are the equivalent 
of DNA5 two sugar-phosphate backbones, 
which are shown as the yellow and orange 
atoms in the computer rendition shown 
on the right. The rungs represent pairs of 
nitrogenous bases, which are seen in the 
computer rendition as shades of lavender 
and blue. 
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the carriers. In the 1940s, however, DNA was found to be a polymer containing 
adenine, guanine, cytosine, and thymine. Along the DNA chaïin, these bases 
could be sorted in any order. This potential variability in base sequencing opened 
up the possibility that DNA was the carrier of genetic information. 

In 1953, James Watson (b. 1928), an American biologist, and Francis Crick 
(1916-2004), a British biophysicist, topgether deduced that DNA occurs as two 
separate strands of nucleotides coiled around each other in a double helix, as 
illustrated in Figure 29. The strands are held together by hydrogen bonding 
between opposing nitrogenous bases. 


TwWist Double helix 
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What is most critical about Watson and Crick“s model ¡is that hydrogen 
bonding occurs only between specific bases—guanine pairs only with cytosine 
and adenine pairs only with thymine, as shown in Figure 30. This means that 
1ƒ you know the sequence of one strand, you can automatically deduce the 
sequence of the second strand, also known as the cơnplemenlary sirand. For 
example, if the first strand contains the sequence CTGA, the complementary 
strand must contain the sequence GAC”T. 

In living tissue, cells divide to create duplicates of themselves. In a maturing 
Organism, cells divide frequently to provide growth. In a mature organism, cells 
divide at a rate sufficient for the replacement of those that die. Each time a cell 
divides, genetic information must be preserved. In a process called replication, 
DNA strands are duplicated so that each newly formed celÏ receives a COpY. 
Replication also allows copies of DNA to pass from parent to offspring. 

With their model, Watson and Crick proposed that DNA replication begins 
with the unraveling of the double helix. Each single strand then serves as a 
template for the synthesis of its complementary strand. Free nucleotides are 
coupled to the single strand of DNA according to the rules of base pairing: gua- 
nine + cytosine, adenine + thymine. One double helix thus turns into two, as 
shown in Figure 31. As a cell divides, one of the two new strands is sepregated 
in each of the two newly formed cells. 

For their elucidation of DNA“s secondary structure and function, Watson 
and Crick, along with biophysicist Maurice Wilkins (1916-2004), received the 
1962 Nobel Prize in Physiology and Medicine. Subsequent research soon led to 
an understanding of how the nucleotide sequences in DNA translate into the 
synthesis of proteins. The Nobel laureates are shown in Figure 32. 


@® New Original Original New 
strand strand strand strand 
*——————' *—————— 
Double helix Double helix 


Hydrogen bond 


^ Figure 30 

The two strands of nucleotides in a DNA 
molecule are held together by hydrogen 
bonding between complementary 
nitrogenous bases: adenine with thymine 
and guanine with cytosine. 


4 Figure 31 

The replication of DNA. (1) The double 
helix of DNA unwinds. (2) Each single 
strand serves as a template for the 
formation of a new DNA strand containing 
the complementary sequence. (3) Two 
daughter double helices are formed, each 
containing one of the parent strands. 
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(a) 


^ Figure 32 
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(b) (c) 


(a) Watson and Crick in 1953 with their model of the DNA double helix. In discovering this model, Watson and 
Crick relied heavily on the experimental evidence gathered by other researchers; most notably, the research 
team of (b) Maurice Wilkins and (c) Rosalind Franklin (1920-1958) provided the X-ray images of DNA crystals 
critical to Watson and Crick's elucidation of DNAs structure. Franklin did not share in the 19ó2 Nobel Prize 
because it is not awarded posthumously. 


FORYOUR 


®) INEORMATION 


Initially, scientists estimated that 
there were about 100,000 different 
human genes. Over the past 

decade, however, this estimate has 
been gradually reducedl to about 
25,000 genes, which is only about 
5000 more genes than in the DNA of 
the roundworm. 


LEARNING OBJECTIVE 


Distinguish vitamins from minerals 
and the roles they play in our 
nutrition. 
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One Gene Codes for One Polypeptide 


As we saw in Section 4, the shape of a protein molecule is determined by the 
protein“s primary structure, which is the sequence of amino acids. So what, 
then, controls a protein“s amino acid sequence? The answer to this question 
1s the gene. 

In modern terms, a gene is a particular sequence of nucleotides along the 
DNA strand. Each gene codes for the synthesis of one or more proteins in an 
Organism. Organisms, of course, need enormous numbers of genes to produce 
all the proteins they need. The number of genes contained in a single human cell, 
for instance, is estimated to be on the order of 25,000. To accommodate this many 
genes, each DNA molecule is very long, containing on the order of 3.1 billion base 
pAirs. Interestingly, genes make up only about 20 percent of a DNA molecule. The 
other 80 percent of the nucleotides in a DNA strand appear to serve primarily as 
spacers, their main job being to separate genes on the DNA molecule. 

Much has been learned about the chemistry of nucleic acids over the past 
half century. We now know, for example, many details of how the information 
in a gene is translated into a protein. This knowledge has given rise to eenelic 
enngineerins, which allows scientists to manipulate the behavior of nucleic acids 
for a variety Of purposes, such as treating human disease and creating new 
agricultural crops. 


ó Vitamins Are Organic, Minerals Are lnorganic 


EXPLAIN THIS 
Is the salt within food destroyed when the food is burnt? 


In addition to carbohydrates, lipids, proteins, and nucleic acids, our bodies require 
vitamins and minerals in order to survive and function properly. Vitamins are 
Organic chemicals that, by assisting ¡in various biochemical reactions, help us 
maintain good health. Minerals are inorganic chemicals that play a variety of roles 
in the body. Both vitamins and minerals are obtained from our diet (Figure 33). 
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Some, such as the iron in hemoglobin, are vital components of biomolecules. 
Others, such as the calcium in bone, are integral parts of structures. Deficiencies 
in vitamins or minerals are the causes of certain diseases. Lack of vitamin C, for 
example, leads to scurvy, a disease marked by a deterioration of the gums. Lack of 
iron leads to anemia, which results in general fatigue and an irregular heartbeat. 

Vitamins are classifed as either lipid soluble or water soluble, as shown 
in Table 2. The lipid-soluble vitamins tend to accumulate in fatty tissue, where 
they may be stored for years. Adults can remain free of a deficilency disease 
for quite some time because of these vitamin reserves. Children, on the other 
hand, because they have yet to build up such reserves, are particularly vulner- 
able to these diseases. In developing nations, for example, many children suffer 
permanent blindness because of a lack of vitamin A. 

A lack of lipid-soluble vitamins can be detrimental, but so can excessive 
amounts, particularly of vitamins A and D, which can accumulate to danger- 
ous levels. Too much vitamin A causes dry skin, irritability, and headaches. 
Excessive amounts of vitamin D lead to diarrhea, nausea, and calcification 
of joints and other body parts. Vitamins E and K are less harmful in large 
quantities because they are readily metabolized. 

The water-soluble vitamins are not retained by the body for long periods of 
time. Instead, because they are soluble in water, they are readily excreted in urine 
and must therefore be ingested frequently. It is difficult to harm yourself by tak- 
ing in too much of the water-soluble vitamins. Your body simply absorbs what it 
1mmediately needs and excretes the rest. Foods boiled in water tend to lose their 
water soluble vitamins, which after dissolving in the water are poured down the 
drain along with the water. This includes the B vitamins, which is a class of chemi- 
cally related compounds, as well as vitamin C, which is a common name for the 
chemical ascorbic acid. For this reason, many people prefer steaming or microwav- 
¡ng their vegetables. Also, foods should not be overcooked, as both lipid-soluble 
and water-soluble vitamins are destroyed by heat. 

All minerals are ionic compounds of various elements. They are classified 
according to the quantities we need. ÁM1acrormrnerals, the ones we need in great- 
est quantity, make up about 4 percent of our body weight. For the macrominer- 
als listed in Table 3, the amounts we need each day are measured in grams. The 
amounts Of frace 1nerais we should ingest daily are measured in milligrams. 
Finally, there are the 16lfratrace trinerals, for which we measure the recom- 
mended đaily intake in micrograms or even picograms. 

Our bodlies require balanced amounts of minerals, meaning that ingesting too 
much is as harmful as ingesting too little. Ultratrace minerals are particularÏy toxic 
when taken in large quantites. Cadmium, chromium, and nickel, for example, 


TABLE 2 Some Vitamins Needed by the Human Body 
VITAMIN FUNCTION 


ïH-. 


What are the two classifications of 
vitamins? 


^ Figure 33 

Each year people spend more than 

$20 billion on vitamin and mineral supple- 
ments. But are these supplements always 
beneficial to one's health? Not necessarily. 
Read on for more detail. 


DEFICIENCY SYNDROME 


Lipid Soluble 


Vitamin A Precursor to rhodopsin, a chemical used for vision; assists in inhibiting Night blindness 


(retinol) bacterial and viral infections 


Vitamin D Helps incorporate calcium into the body 
(calciferol) 


Weak bones, rickets 


Vitamin E Inhibits oxidation of polyunsaturated fats; free radical scavenger; helps Diminished hemoglobin 


(tocopherol) maintain circulatory and nervous systems 


Vitamin K Helps maintain ability to form blood clots 
(phylloquinone) 


Water Soluble 


Abnormal bleeding 


B vitamins Coenzymes in biochemical reactions for growth and energy production Various nerve and skin 


Vitamin C Antioxidant; assists in inhibiting bacterial and viral infections 
(ascorbic acid) 


disorders, anemia 


Scurvy 
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TABLE 3 


MACROMINERAL 
(IONIC FORM) 


SOME FUNCTIONS 
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Some Macrominerals Needed by the Human Body 


DEFICIENCY SYNDROME 


Sodium (Na”) 
Potassium (K*”) 


Calcium (Ca2”) 


Magnesium (MgZ") 
Chlorine (Cl) 


Phosphorus (HạPOx-) 
Sulfur (SOuZ—) 


FORYOUR 


®) INFORMATION 


Within each of our cells are small 
organelles called mitochondria that 
produce most of our ATP. Interestingly, 
mitochondria have their own DNA and 
their own genetic code, which suggests 
that mitochondria were once separate 
living entities with which we now live 
symbiotically. Mitochondiria reproduce 
themselves by cloning and are then 
passed down from one generation to 
the next only through the mother. The 
†act that nearly all modern humans have 
mitochondrial DNA of almost the same 
genetic makeup suggests that we all 
probably arose from the same single 
ancestral mother. After studying slight 
variations in mitochondrial DNA among 
people of different cultures, scientists 
estimate that our common mother may 
have lived somewhere in Africa about 
200,000 years ago. 
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Transportation of molecules across cell membrane, 
nerve function 


Transportation of molecules across cell membrane, 
nerve function 


Bone and tooth formation, nerve and muscle function 


Enzyme function 


Transportation of molecules across cell membrane, 
digestive fluid, nerve function 


Bone and tooth formation, nucleotide synthesis 


Amino acid component 


Muscle cramps, reduced appetite 


Muscular weakness, paralysis, nausea, 
heart failure 


Retarded growth, possible loss of 
bone mass 


Nervous system dlisturbances 


Muscle cramps, reduced appetite 


Weakness, calcium loss 


Protein deficiency 


are potent carcinogens, and arsenic is a well-known poison. Yet our bodies need 
microquantities of these minerals if we are to stay healthy. Eating a well-balanced 
điet is often the best way to obtaïn a good balance of minerals. Many people take 
mineral supplements, but they should monitor the doses they take. 

'Two of the minerals most prevalent in our điet are potassium and sodium 
ions. Both are involved in nerve-signal transmission and ¡n the transport of 
molecules into and out of cells. For good health, we need more potassium 
than sodium, a situation we share with all other living organisms, both plants 
and animals. When we eat plants or animals without additives and without 
©xcessive processing, the potassiun/sodium balance is optimal. When food 1s 
boiled or deep-fried, however, both potassium and sodium ions are stripped 
away along with the liquids in which they are dissolved. Salting the food with 
sodium chloride then raises the sodium ion content to a level higher than the 
potassium ion content, which is not healthy. 

Phosphorus is another important dietary mineral, which we consume in 
the form of phosphate ions, such as HạPO/¿. Look back at Figure 26 to see that 
phosphate ions form the backbone of nucleic acids. In addition, phosphate ions 
are components of the energy-producing compound adenosine triphosphate 
(ATP), shown in Figure 34. 

ATPisone ofseveral đirect sources of energy for most of the energy-requiring 
processes in the body, such as tissue building, muscle contraction, transmission 
of nerve impulses, heat production, and movement of molecules into and out 
of cells. The human body goes through a great deal of ATP-—about 8 grams 
per minute during strenuous exercise. lt is a short-lived molecule and so must 


NH;ạ 
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Phosphate ions 
Adenosine triphosphate (ATP) 
^ Figure 34 


Phosphate ions are an important part of the ATP molecule. 
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be produced continuously. The many chemical pathways by which foods are 
oxidized to yield ATP have been mapped extensively by biochemists. 

Various poisons act by blocking the synthesis of ATP. Carbon monoxide, 
for example, binds to the iron of hemoglobin, thereby preventing hemoglobin 
from carrying oxygen. The reason the body needs oxygen, however, is so that 
it can be used to oxidize carbohydrates, lipids, and proteins to form ATP. So 
without oxygen, the body becomes starved of energy-yielding ATTP and quickly 
đies. Cyanide also blocks the synthesis of ATP, but does so by incapacitating 
enzymes that play an important role in ATP synthesis. Interestingly, ATP is 
also used by the body to allow muscles to relax after contracHon. When a body 
dies, no matter what the cause, ATTP synthesis comes to a halt and all the body 
muscles become stiff-—a condition known as rigor mortis. 


7k Metabolism ls the Cycling of Biomolecules through the Body 


EXPLAIN THIS 


Is catabolism an example of oxidation or reduction? 


Your body takes in biomolecules in the food you eat and breaks them down to 
their molecular components. Then one of two things happens: either your body 
“burns” these molecular components for their energy content through a process 
known as cellular respiratiơn or these components are used as the building blocks 
for your body”s own versions of carbohydrates, lipids, proteins, and nucleic acids. 
The sum total of all these biochemical activities is what we call metabolism. 
Two forms of metabolism are cafabolism and anabolism. Figure 35 shows the major 
catabolic and anabolic pathways of living organisms. 

All metabolic reactions that involve the breaking down of biomolecules are 
grouped under the heading of catabolism. Digestion and cellular respiration are 
examples of catabolic reactions. Dipgestion begins with the hydrolysis of food 
molecules, a reaction in which water is used to sever bonds ¡in the molecules and 
separate large molecules into their smaller component parts. The small molecules 


Food 
Carbohydrates 
Lipids 
Proteins 
Nucleic acids 
§ 
S | Digestion 
Š | (hydrolysis) 
% 
Ở 
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SgB|Eb š g|> 
S5hBlðS 8 SP 
.O= -= E 8 si 
50 8| _ ATP s=ứ%|9 
ở "g0, “NO. x5 
Waste molecules Cell macromolecules 
Carbon dioxide, CO2 Body heat Carbohydrates 


Water, HạO Muscle movement Lipids 
Ammonia, NHa Nerve impulses Proteins 


Nucleic acids 


^ Figure 35 
Metabolic pathways for the food we ingest. Catabolic pathways are indicated by the purple 
arrows; anabolic pathways, by the blue arrow. 


LEARNING OBJECTIVE 


Classify metabolic reactions as 
either catabolic or anabolic. 


TT 


What are the two forms of metabolism? 


469 


) Figure 3ó 

The Belgian blue bull, developed through 
many years of selective breeding, has a 
defective gene that does not produce 
myostatin, which is a hormone that inhibits 
the anabolic formation of muscle. Without 
myostatin, the muscles of the bull become 
mụuch more massive. Inhibitors of myostatin 
in humans may help offset the loss of muscle 
mass that occurs with conditions such as 
muscular dystrophy or as occurs in each of us 
as we age. 
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formed ïn digestion, such as the glucose units of complex carbohydrates, then 
migrate to all the cells of the body and take part in cellular respiration. There, in 
a series Of steps, the small food molecules lose electrons to the oxygen that was 
inhaled through our lungs and, as a result, break down to even smaller mole- 
cules, sụch as carbon dioxide, water, and ammonia, which are excreted. Through 
this process, high-energy molecules, sụch as ATT, are created. These high-energy 
molecules are able to drive reactions that produce body heat, muscle movemernt, 
and nerve impulses. They also are responsible for fueling anabolism, which is 
the general term for all the energy-requiring chemical reactions that produce 
large biomolecules from smaller molecules (Figure 36). 

The types of biomolecules produced by anabolism are the same as the types 
found in food——carbohydrates, lipids, proteins, and nucleic acids. These prod- 
ucfs of anabolism are, if you will, the hostfs own version of what the food once 
was. And 1f the host ever becomes food, anabolic reactons in the subsequent 
host will result in different versions of the molecules. Thus, organisms in a 
food chain live off one another by absorbing one another“s energy via catabolic 
reactions and then rearranging the remaining atoms and molecules via anabolic 
reactions into the biomolecules they need to survive. 

Catabolism and anabolism work together. In healthy muscle tissue, for 
example, the rate of muscle degradation (catabolism) is matched by the rate 
of muscle building (anabolism). If you increase your food supply and exercise 
vigorously, it is possible to favor the muscle-building anabolic reactions over 
the muscle-destroying catabolic reactions. The result is an increase in muscle 
mass. Stop eating and exercising, however, and these anabolic reactions lose 
out to the catabolic reactions. The result is a decrease in muscle mass—you 
begin to waste away. 


CO NCGEPTGHECK 


Anabolic steroids help people gain muscle mass. lf there were such a 
thing as a catabolic steroid, what would be ¡ts effect? 


CHECK YOUR ANSWER Anabolic? Catabolic? Which ¡is which? Many students 
recognize the term anabolic steroids from the sports news media, which are quick 
to report on famous athletes caught using these steroids for improved performance. 
Anabolism, therefore, is muscle-building, so catabolism must be muscle-degrading. A 
catabolic steroid would cause a loss of muscle mass, which is not generally desirable. 
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8 The Food Pyramid Summarizes a Healthful Diet 


EXPLAIN THIS 
Why can”t your body produce proteins from carbohydrates and fats alone? 


The food pyramid, shown in Figure 37, summarizes the food ¡intake 
recommendations of the United States Department of Agriculture (USDA). 
According to this pyramid, an individual“s daily diet should consist mostly 
Of prains (such as bread, cereals, and pastas), fruits, and vegetables, with the 
amount of dairy products and meats fairly limited and foods high in sugars or 
fats consumed only sparingly. 

We can get some insight into the reasons behind these recommendations 
by looking at how the body handles the biomolecules contained ïn these foods. 


Carbohydrates Predominate in Most Foods 


There are two types of carbohydrates—nondigestible, called dietary ƒfber, and 
digestible, mainly starches and sugars. As discussed in Section 2, dietary fiber 
helps keep things moving ïn the bowels, especially in the large intestine. There 
are two kinds of fiber—water-insoluble and water-soluble. Insoluble fiber 
consists mainly of cellulose, which is found in all food derived from plants. 
In general, the less processed the food, the higher the insoluble fiber content 
(Figure 38). Brown rice, for example, has a greater proportion of insoluble fiber 
than does white rice, which is made by milling away the rice seed“s outer coaf- 
¡ng (along with numerous vitamins and minerals). 

Soluble fiber is made of certain types of starches that are resistant to dipgestion 
in the small intestine. An example is pectin, which ¡is added to jams and jellies 
because it acts as a thickening agent, becoming a gel when dissolved ïn a lim- 
ited amount of water. Soluble fiber tends to lower cholesterol levels in the blood 
throuph its interactions with le salfs, which are cholesterol-derived substances 
produced in the liver and then secreted into the intestine. As shown in Figure 39, 
one of the functions of bile salts is to carry ingested lipids throuph the membranes 
of the intestine and into the bloodstream. The bile salts are then reabsorbed by the 
liver and cycled back to the intestine. Soluble fiber ¡in the intestine binds to bile 
salts, which are then efficiently passed out of the body rather than reabsorbed. The 
liver responds by producing more bile salts, but to do so, it must utilize cholesterol, 
which it collects from the bloodstream. By this indirect route of binding with bile 
salfs, soluble fiber tends to lower a person“s cholesterol level. Foods rich in soluble 
fiber include fruits and certain grains, such as oats and barley. 


MyPyramid 


! MyPyramid.gov 


Products 


Grains Vegetables Fruits Milk 
Fats, Sugars, and Salt 


Meat and 
Beans 


LEARNING OBJECTIVE 


Describe how the body utilizes 
carbohydrates, fats, and proteins. 


Carbohydrates 
Nondigestible (dietary fiber) 

Insoluble (cellulose) 

Soluble (certain starches) 
Digestible 

Starches and sugars 


4 Figure 37 
The food pyramid. 
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^ Figure 38 

The grains, vegetables, and fruits of the 
pyramid are important sources of food 
primarily because they contain a good  bal- 
ance of all nutrients—carbohydrates, fats, 
proteins, nucleic acids, vitamins, and miner- 
als. However, the predominant component 
of these foods is carbohydrates. 


.:f. ".. 


What does the American Diabetes 
Association recommend about the 
glycemic index? 


Bile salts from 
liver are 
secreted 
into intestine. 


Bile salts carry 

lipids into 

bloodstream. 
(a) 


^ Figure 39 
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During digestion, the digestible carbohydrates——both starches and sugars— 
are transformed to glucose, which is absorbed into the bloodstream through the 
walls of the small intestine. The body then utilizes this glucose to build energy 
molecules, such as AT. 

Carbohydrate-containing foods are rated for how quickly they cause an 
increase in blood glucose levels. This rating is done with what is known as the 
@lucermic index. The index compares how much a given food increases a Derson/s 
blood glucose level relative to the increase seen when pure ølucose is ingested, 
with the latter increase assigned a standard value of 100. In general, foods that 
are hiph in starch or sugar but low in dietary fiber are hiph on the gÌycemic 
index, a baked potato being a prime example. 

The glycemic index for a particular food can vary greatly from one person 
to the next. How the food was prepared can also make a big difference. Thus, 
index values, such as the ones shown in Table 4, are merely ballpark figures. 
Given this qualification, however, the index provides valuable information 
for those people, such as individuals with diabetes, who need to pay close 
attention to their blood sugar levels. 

A number of problems are associated with eating carbohydrates with high 
ølycemic indices. For example, the rapid spike in blood glucose levels causes the 
body to produce extra 7sulín, a blood-soluble protein that causes liver, muscle, 
and fat tissues to take up ølucose from the blood. This lowers blood glucose levels. 
The body responds by releasing ølucose-yielding glycogen, but also by triggering 
a sense of hunger, even if the person just ate. A meal rich in foods high on the 
ølycemic index therefore promotes overeating, which usually leads to obesity. 

Many professional organizations, such as the American Diabetes Association, 
caution that priority should be given to the quantity of carbohydrates ingested 
rather than to the glycemic index of the food containing those carbohydrates. 
What really counts is the total number of Calories absorbed, not whether these 
Calories come from foods high or low on the index. For most people, however, 
ingesting foods low on the index makes maintaining a healthful caloric intake 
more manageable by controlling cravings. 

Another advantage of eating carbohydrates from foods that are low on the 
index is that these foods provide energy to the body over an extended period 
of time. For athletes, a diet rích in foods low on the glycemic index, such as 
spaghetti, translates to greater endurance. Interestingly, this greater endurance 


Bloodstream 


(@) Liver removes 


cholesterol from 
bloodstream to 


Cholesterol 


Bile salts synthesize additional 
return to bile salts to replace 
liver. those lost. 

Lipid 


x4 Intestine 


Bile salts bind 
with soluble fiber 
and pass out 

of body. 


Soluble fiber/ 
Lipid/bile salt bile salt complex 


complex 


(b) 


(a) With no soluble fiber present, bile salts are recycled to the liver and no new ones need to be made. (b) In the presence of soluble fiber, bile 
salts are removedl from the body. The liver then must use cholesterol from the blood to make new supplies of bile salts. Thus, by binding with 
bile salts, soluble fiber indirectly decreases the amount of cholesterol in the blood. 
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TABLE 4 Glycemic Index for Select Foods 


FOOD GIYCEMIC INDEX FOOD 


GIYCEMIC INDEX 


Glucose 100 
Baked potato 85 
Cornflakes 83 
delly beans 80 
French fries 75 
White bread 71 
Life-Savers candy 70 
Whole wheat bread ó8 
Sucrose 64 
Raisins 64 
High-fructose corn syrup ó2 
White rice 58 


Honey 


Brown rice 
Popcorn 
Sweet potato 
Banana 

Milk chocolate 
Orange 


Skim milk 
Whole milk 
Grapefruit 


Peanuts 


1s Just as useful for bodybuilders as it is for marathon runners. Having the 
energy required for building muscles is far more critical than having the sup- 
Ply of raw materials needed. Furthermore, the body“s metabolism is versatile 
enough to generate proteins out of glucose. (EYI, it can even generate glucose 
out of proteins.) Thus, the bodybuilder s supply of proteins is ensured. A diet 
rích in carbohydrates is therefore more effective in allowing a bodybuilder to 
build muscles than is a diet rich in proteins. 

Despite the many advantages of eating carbohydrates low on the glycemic 
index, foods rích in carbohydrates high on the index, such as sucrose, are now 
more popular than ever. Many of these foods are highly processed and compose 
a narrow portion of the food pyramid. Although they are good for providing 
energy, the USDA recommends that they be consumed only sparingly, because 
they lack many of the essential nutrients. 


Únsaturated Fats Are Generally More Healthful 
Than Saturated Fats 


Because your body uses saturated fats to synthesize cholesterol, eating more 
saturated fats allows you to synthesize more cholesterol. Unsaturated fats, by 
contrast, are not ideal starting materials for cholesterol synthesis. 

Another reason unsaturated fats are more healthful relates to the way fats 
are associated with cholesterol. Fats and cholesterol are both lipids, which, on 
their own, are insoluble in blood. In order to move through the bloodstream, 
these compounds are packaged with bile salts, as was discussed earlier. Most 
lipids, however, are made water soluble by being packaged with water-soluble 
proteins in complexes called /poyroferns. Lipoproteins are classified according 
to density, as noted in Table 5. Very low-density lipoproteins (VLDLs) serve pri- 
marily ¡in the transport of fats throughout the body. Low-density lipoproteins 
(LDLs) transport cholesterol to the cells, where it is used to build cell mem- 
branes. High-density lipoproteins (HDLs) bring cholesterol to the liver, where 
1t is transformed into a variety of useful biomolecules. 


TABLE 5 The Classification of Lipoproteins 


LIPOPROTEIN PERCENT PROTEIN DENSITY (G/ML) 


58 
55 
55 
54 
54 
49 
44 


Spaghetti, boiled 5 minutes 3ó 


32 
27 
25 
th 


FORYOUR 
&@ INFORMATION 
Your blood sugar level needs to 
remain within a very narrow range. 
When the blood sugar level gets 
too high, your body produces the 
hormone insulin, which causes tissues, 
such as muscle, to remove glucose 
from your blood. Interestingly, well- 
exercised muscles are much more 
effective at removing blood glucose 
compared to muscles that are out of 
shape. Regular exercise, therefore, 
effectively lowers the glycemic index 
of the foods you eat. 


A coandy bar is good for 
o quick enerqy fix, bu† 
chow down on ø spoghe†ti 
feas† the nigh† before a 
s†renuous workou† for 
long-run enerqy. 


PRIMARY FUNCTION 


Very low-density (VLDL) B) 1.00ó—-1.019 
1.019-1.0ó3 


1.063—1.210 


Low-density (LDL) 25 


Fat transport 


Cholesterol transport (to cells to build cell walls) 


High-density (HDL) 50 


Cholesterol transport (to liver for processing) 
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FORYOUR 


® INFORMATION 


Many people suffer from a condition 
in which the body produces too much 
insulin in response to a rapid rise in 
blood sugar. The excess insulin causes 
the blood sugar level to drop to 
abnormally low levels, which creates 
numerous symptoms, such as fatigue, 
mood swings, trembling, and fainting. 
The condition is called hypoglycemia, 
and ít is best controlled through a 
diet that minimizes the ingestion of 
sugar, white flour, alcohol, caffeine, 
and tobacco. 
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A điet hipgh in saturated fats leads to elevated VLDL and LDL levels in 
the bloodstream. This is undesirable because these lipoproteins tend to form 
fatty deposits called lzqwe in the artery walls. Plaque deposits can become 
inflamed to the point where they rupture, releasing blood-clotting factors 
into the bloodstream. A blood clot formed around the rupture site is released 
into the bloodstream, where it can become lodged in a blood vessel and block 
the flow of blood to a particular region of the body. When that region is in 
the heart, the result is a heart attack. When that region is in the brain, the 
result is a stroke. 

In contrast to saturated fats, unsaturated fats tend to increase blood HDL, 
levels, which ¡s desirable because these lipoproteins are effective at renơuing 
plaque from artery walls. 


CON (CC EPEI€CHECK 


For what two reasons are unsaturated fats better for you than saturated fats? 


CHECK YOUR ANSWER Unsaturated fats are not so readily used by your body 
to synthesize cholesterol. They also tend to increase the proportion of high-density 
liboproteins, which lower the level of cholesterol in your blood and help relieve the 
buildup of arterial plaque. 


Triglycerides with unsaturated fatty acid components, as noted in Section 3, 
tend to be liquid at room temperature. They can be transformed to a more solid 
consistency, however, by h/drosenation, a chemical process in which hydrogen 
atoms are added to carbon-carbon double bonds. Mix a partially hydrogenated 
vegetable oil with yellow food coloring, a little salt, and small amounts of the 
Organic compound butyric acid for flavor and you have margarine, which 
became popular around the time of World War II as an alternative to butter. 
Many food products, such as chocolate bars, contain partially hydrogenated 
vegetable oils so that they are of a consistency that sells well in the marketplace. 
Hydrogenation increases the percentage of saturated fats, however, and there- 
fore makes these fats less healthful. Furthermore, as Figure 40 shows, some of 
the double bonds that remain are transformed to the fr4ws- structural isomer. 
Because carbon chains containing fzzns- double bonds tend to be less kinked 
than chains containing c¡s- bonds, the partially hydrogenated fat has straighter 
chains. This means the fat is more likely to mimic the action of saturated fats 
in the body. 


Double bond in 
trans configuration 
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Hydrogenation can lead to trans- double bonds in the fatty acid chain. 
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We Should Monitor Our Intake of Essential Amino Acids 


Proteins are useful for their energy content, just as starches, sugars, and fats 
are, but perhaps the greatest importance of proteins lies in how our bodies 
use them for building such structures as enzymes, bones, muscles, and skin. 
Of the 20 amino acids the human body uses to build proteins, adults can pro- 
duce, in sufficient amounts, 12 of them from carbohydrates and fatty acids. We 
must obtain the remaining eight, listed in Table 6, from our food. These eight 
amino acids are called essential amino acids, in the sense that it is essential we 
get adequate amounts of them from our food. To support rapid growth, infants 
and children require, in addition to the eight amino acids listed for adults in 
Table 6, largee amounts of arginine and histidine, which they can obtain only 
from their diets. Therefore, for ¡infants and juveniles, there ¡is a total of ten 
essential amino acids. (The term essenfial is unfortunate, because in truth, all 
20 amino acids are vital to our good health.) 

Why our bodies produce ample amounts of some amino acids and not 
others can be explained by looking at the chemical structures of the amino acid 
side groups, shown previously in Figure 16. The nonessential amino acids have 
side groups that tend to be simple and therefore can be produced by the body 
without much effort. The essential amino acids, however, tend to be biochemi- 
cally more difficult to create. The body, therefore, can save energy by obtain- 
ing these amino acids from outside sources. Over the course of evolution, our 
capacity to synthesize these amino acids diminished. Similarly, we have lost the 
capacity to synthesize vitamins, which are also complex molecules more effi- 
ciently obtained from dietary sources. In other words, we let other living organ- 
isms go throupgh the metabolic expense of synthesizing these biomolecules and 
then we eat those organisms. 

In general, the more closely the amino acid composition of ingested protein 
resembles the amino acid composition of the animal eating the protein, the 
greater the nutritional quality of that protein is for that animal. For humans, 
mammalian protein ¡is of the highest nutritional quality, followed by protein 
from fish and poultry and then by protein from fruits and vegetables. Plant pro- 
teins, in particular, are often deficient in lysine, methionine, or tryptophan. A 
vegetarian điet provides adequate protein only if it includes a variety of protein 
sources so that a deficiency in one source is compensated for by an abundance 
1n another source, as shown in Figure 41. 

The old adage “You are what you eat“ has a literal foundation. With the 
exception of the oxygen you obtain through your lungs, nearly every atom or 
molecule in your body got there by first passing through your mouth and into 
your stomach. All the biomolecules needed for the energy and development of 
a fetus growing in the womb, like Maitreya Suchocki in Figure 42, must first 
pass throuph the lungs and mouth of her mother, which is why it is so vital 
that her mother eat a well-balanced diet and maintain a healthful lifestyle while 


TABLE ó The Essential Amino Acids 
Arginine 
Histidine 
lsoleucine 
Leucine 
Lysine Essential for children 
Methionine 
Phenylalanine Essential for adults 


Threonine 


Tryptophan 


Valine 


CHEMICAL 
CONNECTIONS 


How is your fingernail 
connected to sunshine? 
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Tryp†ophan 
Ae†hionine 


Voline 
Threonine cœ 
Phenylalanine 
Leucine 


Corn and o†her grdins A2) 


Tsoleucine © œ 


Lysine 


Beans and o†her legumes 


^ Figure 41 

Sufficient protein can generally be obtained in a vegetarian diet by combining a legume, such as 
peas or beans, with a grain, such as wheat or corn. Familiar meals containing such a combination 
include a peanut butter sandwich, corn tortillas and refried beans, and rice and  tofu. 


she is pregnant. And then, a mere 40 weeks later, her mother“s food has been 
transformed by the actions of Maitreyas DNA into a whole new body ripe for 
exploring the world around her. 


(b) 


^ Figure 42 

(a) As a fetus, Maitreya is undergoing the most rapid growth rate of her life, and 
thus her dependence on a healthful diet is as great as it will ever be. (b) As a baby, 
Maitreya's nutritional needs are still great, as is her ability to imitate her mother 
during a copyedit session. 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


ldentify the basic components of a cell and the four major classes of 


biomolecules. (1) 


Recoonize the molecular structures of simple and complex 


carbohydrates. (2) 


Compare and contrast the properties of fats and steroids. (3) 


Classify the structure of a protein based upon the organization of 


its amino acids and describe how enzymes work. (4) 


ldentify nucleic acids as polymers of nucleotides and describe 


how they code for the building of proteins. (5) 


Distinguish vitamins from minerals and the roles they play in 


our nutrition. (6ó) 


Classify metabolic reactions as either catabolic 
or anabolic. (7) 


Describe how the body utilizes carbohydrates, fats, and 
proteins. (8) 


SUMMARY OF TERMS (KNOWLEDGE) 


Amino acid The monomers of polypeptides, each monomer 
consisting of an amine group and a carboxylic acid group 
bonded to the same carbon atom. 


Anabolism A general term for all the energy-requiring chemi- 
cal reactions that produce large biomolecules from smaller 
molecules. 


Carbohydrate Organic molecules produced by photosynthetic 
plants, containing only carbon, hydrogen, and oxygen. 


Catabolism Chemical reactions that break down biomolecules 
in the body. 


Chromosomes An elongated bundle of DNA and protein that 
appears in a cell/s nucleus just prior to cell division. 


Deoxyribonucleic acid (DNA) A nucleic acid containing the 
sugar deoxyribose and having a double helical structure; 
it carries genetic code ín its nucleotide sequence. 


Enzyme A protein that catalyzes (speeds up) bio-chemical 
reactions. 


Fat A biomolecule that packs a lot of energy per gram and 
consists of a glycerol unit attached to three fatty acid 
molecules. 


Gene A particular sequence of nucleotides along the DNA 
strand that leads a cell to manufacture a particular 
polypeptide. 

Glycogen A polymer made of hundreds of glucose monomers 
and sometimes referred to as animal starch. 


— Ouestions T1, 2, 33, 34 

= Ouestions 3-ó, 2ó, 28, 35-40 
— Ouestions 7-9, 27, 41-43 

— Ouestions 10-13, 29, 44-50 
— Ouestions 14-17, 30, 31, 51—54 
—> Ouestions 18, 19, 32, 55-59, ó8 
—> Ouestions 20, 21, ó0-ó2, 70 
— Ouestions 22-25, ó3-ó7, é9 


Lipid A broad class of biomolecules, such as fats and oils, not 
soluble in water because their structures are largely made 
of hydrocarbons. 

Metabolism The general term describing the sum of all the 

chemical reactions in the body. 

Minerals Inorganic chemicals that play a wide variety of roles 

in the body and are obtained from our diet. 

Nucleic acid A long polymeric chain of nucleotide monomers 

holding the information for how amino acids need to be 

linked together to form an organism. 


Nucleotide A nucleic acid monomer consisting of three parts: 
a nitrogenous base, ribose (n RNA) or deoxyribose (in 
DNA}), and a phosphate group. 

Protein A polymer of amino acids having some biological 
function. 

Replication The process by which DNA strands are 
duplicated. 

Ribonucleic acid (RNA) A nucleic acid containing a fully 
Oxygenated ribose; it executes protein synthesis based on 
code read from DNA. 

Saccharide Another term for carbohydrate. The prefixes 
Imono-, đi-, and pol- are used with this term to indicate the 
size of the carbohydrate. 

Vitamins Organic chemicals that assist in various biochemical 

reactions in the body and are obtained from our diet. 
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READING CHECK OUESTIONS 


1 Biomolecules Are Produced and Utilized in Cells 


(COMPREHENSION) 


5 Nucleic Acids Code for Proteins 


1. Is the cell nucleus within the cytoplasm o£ a cell, or ¡s the 
cytoplasm within the cell nucleus? 


2. What are the four major categories of biomolecules 
discussed in this chapter? 


2 Carbohydrates Give Structure and Energy 


3. Are all carbohydrates digestible by humans? 
4. Why do plants produce starch? 


5. Which monosaccharide do starches and cellulose have in 
common? 


ó. What is the most abundant organic compound on the Earth? 


3 Lipids Are Insoluble in Water 


7. What are the structural components of a triglyceride? 
8. What makes a saturated fat saturated? 


9. What do all steroids have in common? 


4 Proteins Are Polymers of Amino Acids 


14. What is the difference between a nucleic acid and a 
nucleotide? 


15. Where in a cell is deoxyribonucleic acid found? 
1ó. Which four nitrogenous bases are found in DNA? In RNA? 
17. What happens to the DNA double helix during replication? 


6 Vitamins Are Organic, Minerals Are lnorganic 


18. What are two classes of vitamins? 


19. Why is it often more healthful to eat vegetables that have 
been steamed rather than boiled? 


7 Metabolism ls the Cycling of Biomolecules through 
the Body 


20. What ¡s the general outcome of catabolism? 


21. What is the general outcome of anabolism? 


8 The Food Pyramid Summarizes a Healthful Diet 


10. How do various amino acids dđiffer from one another? 


11. What do a peptide, a polypeptide, and a protein all have 
1n common? 


12. What is the role of enzymes in the body? 
13. What holds a substrate to its receptor site? 


CONFIRM THE CHEMISTRY 


26. To each of two drinking glasses, add a teaspoon of potato 
broth, which you can make by boiling a few slices of 
potato to mushiness in about a cup of water. Add a table- 
spoon of fresh water to each glass to đilute the broth. 
Collect a good volume of saliva in your mouth and grace- 
fully spit into one of the glasses. Swirl to mix. After a few 
minutes, add a drop of iodine solution (available from 
stores as a disinfectant) to each glass. lodine forms a blue 
complex with starch. The intensity of the color of the solu- 
tion is proportional to the amount of starch present. Did 
one solution turn darker than the other? Why or why not? 


- IÊ Z) 
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22. According to the food pyramid, which type of biomol- 
ecule should be the primary component of our diets? 


23. Are all dietary fibers made of cellulose? 
24. Which type of lipoproteins has a greater association with 
the formation of plaque on artery wall: LDLs or HDLs? 


25. Why doesn/t the human body synthesize the essential 
amino acids? 


(HANDS-ON APPLICATION) 


27. Obtain several different brands of “light“ butter or marga- 
rine spreads. JPlace about the same volume of each sample 
in a test tube or narrow glass. Add enough so that, when 
melted, the liquid will be at least 2 cm deep. Label each 
test tube with the brand it contains. Melt all samples in a 
microwave oven. (Watch carefully because this doesn/t take 
long.) How many layers do you see form in each test tube? 
Which is more dense: water or fat? Which brand contains 
the most water? What happens when you cool the test 
tubes in the refrigerator? Which sample do you suppose 
contains the greatest proportion of saturated or trans fats? 
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THINK AND COMPARE 


28. Rank the following molecules in order of increasing 
sweetness: ølucose, cellulose, starch. 


29. Rank the following amino acids in order of most acidic to 
least acidic: phenylalanine, tyrosine, histidine. 


30. Rank the following molecules in order of increasing molecu- 
lar mass: cholesterol, glycine, deoxyribonucleic acid. 


THINK AND EXPLAIN 


1 Biomolecules Are Produced and Utilized in Cells 


(ANALYSIS) 


(SYNTHESIS) 


33. The plasma membrane is made of what kind of 
biomolecules? 


34. Carbohydrates give structure and energy, while lipids are 
insoluble in water. What is true of proteins and nucleic 
acids? 


2 Carbohydrates Give Structure and Energy 


35. Does a carbohydrate contain water? 
3ó. Why do photosynthetic plants create carbohydrates? 


37. In what ways are cellulose and starch similar to each 
other? In what ways are they different from each other? 

38. lf your book contains the chapter titled "Oxidations and 
Reductions Charge the World," decide which term from 
the chapter describes the relationship between alpha and 
beta glucose. 

39. Why does starch begin to taste sweet after it has been in 
your mouth for a few minutes? 


40. Why can glycogen be rapidly converted into glucose? 


3 Lipids Are Insoluble in Water 


41. Why are lipids insoluble in water? 
42. Why is it important to have cholesterol in your body? 


43. Could a food product containing glycerol and fatty acids 
but no triglycerides be advertised as being fat-free? If so, 
how might such advertising be misleading? 


4 Proteins Are Polymers of Amino Acids 


44. Silk is more waterproof than cotton. Why? 


45. You are a beautician about to apply a reducing agent to a 
customer with fine hair who wants permanent curls in his 
hair. Should the reducing agent be regular strength, con- 
centrated, or diluted? 


4ó. When an unknown peptide containing five amino acids is 
treated with an enzyme that hydrolyzes only the serine— 
leucine peptide bond, the fragments Leu——C$ys, Ser, and 
Leu—Ser are formed. What was the original amino acid 
sequence in the peptide? 

47. Identify the molecular attractions occurring in this large 
protein at the locations a, b, and c: 


31. Rank the following In order of increasing size: gene, 
nucleic acid, nucleotide. 

32. Rank the following minerals in order of how much we 
need each day: calcium, sodium, potassium, chromium. 


Distinguish among the primary, secondary, and tertiary 
structures of this protein. 

48. Why do changes in pH interfere with the function of 
proteins? For your answer, consider the acid-base charac- 
ter of many amino acid side chaïns. 

49. What are two common secondary structures in a protein? 
The two common tertiary structures? 

50. Name the four structural levels possible in a protein. 
Describe the details of each. 


5 Nucleic Acids Code for Proteins 


51. Why did scientists first think that proteins rather than 
nucleic acids were the holders of genetic information? 


52. What do ATP and RNA have in common? What is differ- 
ent about them? 


53. A common source of DNA damage is the spontaneous 
loss of the amine group on cytosine and the formation 
of an amide. This occurs at a rate of about 100 times a 
day. Fortunately, we produce enzymes able to detect and 
repair such degraded cytosines. Given this information, 
suggest why DNA differs from RNA in possessing the 
nucleotide thymine rather than uracil. 


54. Why is the number of adenines in a DNA molecule 
always the same as the number of thymines? 
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6 Vitamins Are Organic, Minerals Are lnorganic 


55. Both water-soluble and water-insoluble vitamins can be 
toxic in large quantities. Qur bodies are more tolerant of 
overdoses of water-soluble vitamins, however. Why? 


Só. The dietary minerals must be in a water-soluble ionic 
form in order for the body to make use of them. Why? 


57. A friend of yours loads up on vitamin C once a week 
instead of spacing it out over time. She argues the conve- 
nience of not having to take pills every day. What advice 
do you have for her? 


58. Which statement is more accurate: 


a. Vitamins are needed by the body to avoid vitamin- 
deficiency diseases such as scurvy. 

b. Vitamins are needed by the body so that many of its 
catabolic and anabolic reactions can proceed efficiently. 


59. Adenosine triphosphate, AT, readily loses its outermost 
phosphate group to become adenosine diphosphate, ADF. 
When this phosphate group is lost, it rapidly accelerates 
away from its neighboring phosphate groups. Why? 


7 Metabolism ls the Cycling of Biomolecules through 
the Body 


ó1. The human body stores excess ølucose as ølycogen and 
excess fat as fatty tissue that can accumulate beneath the 
skin. How does the body store any excess amino acids? 


62. Oxygen, O,„ is certainly good for you. Does it follow 
that 1f small amounts of oxygen are øood for you, large 
amounts of oxygen would be especially good for you? 


8 The Food Pyramid Summarizes a Healthful Diet 


60. Mammals cannot produce polyunsaturated fatty acids. 
How 1s ït then that the tallow (fat) obtained from beef 
contains up to 10 percent polyunsaturated fatty acids? 


THINK AND DISCUSS 


ó8. A number of scientific studies report that excessive doses 
Of vitamin A increase mortality risk by about 16 percent. 
Similarly, excessive vitamin E increases one“s risk of death 
by about 4 percent. Dietary supplement manufacturers 
claim these vitamins have an antioxidant effect, elimi- 
nating free radical molecules linked to disease. As any 
physician knows, however, the body“s immune defense 
mechanisms rely on free radicals to kill of invading 
infections. retend you are a marketing executive for 
a multimillion-dollar company specializing in vitamin 
supplements. Write a press release statement in response 
to a scientific study that shows your product to be harm- 
ful. Why might you decide to do nothing in response to 
the scientific study? 


ó9. Some diets, most notably the Atkins diet, call for 
large amounts of protein and fat and small amounts 


(EVALUATION) 


63. Suggest why the glycemic index for sucrose is only about 
64 percent that of glucose. 


64. Suggest why starch takes longer than sucrose to break 
down to glucose in the intestine. 


65. Is it possible to eat a food low on the glycemic index and 
still experience a significant increase in blood glucose? 


6ó. Peanut butter has more protein per gram than a hard- 
boiled egø, and yet the egø represents a more nutritious 
source of protein. Why? 


67. Cold cereal is often fortified with all sorts of vitamins and 
minerals but is deficient in the amino acid lysine. How might 
this deficiency be compensated for in a breakfast meal? 


of carbohydrate. One of the claims of such diets is that 

for the same number of calories, a meal high in protein 
and fat leaves a person with less of an urge to eat later on. 
Ơne of the argeuments against such diets is that they are 
hard on the kidneys and liver and that they fail to empha- 
size the importance of regular exercise. What are your 
thoughts on effective dieting? 


70. Some athletes continue to use anabolic steroids despite 
the negative side effects of these drugs. What legal conse- 
quences, if any, should such an athlete face? Should these 
steroids be banned? Should it be illegal for physicians to 
prescribe them for athletic use? Is it the right of the indi- 
vidual to decide what goes into his or her body? Should 
sporting events be segregated into those that allow 
the use of performance-enhancing chemicals and those 
that do not? 


READINESS ASSURANCE TEST (RAT) 


]Ƒ you haue a good handle ơn this chapter, then you should be qble to 
score at least 7 out 0ƒ 10 on this RAT. Check Your Anstuers online at 
t00i0.ConceptualChermistry.com. ]ƒ you score less tham 7, you need 
to shudu ƒurther beƒf0Te 1n00ing 0H. 


Choose the BEST answer to the following. 


1. Which of the following statements is most accurate? 


a. You are undergoing continuous chemical change 
within your body from moment to moment. 


480 


Nutrients of Life 


b. You have the exact same molecules in your body as 
when you were born. 


c. You have the exact same types of chemicals in your 
body as when you were younger. 


d. You are chemically the same as you were when you 
were born. 


e. None of the above 

- The monosaccharide is the 

a. fundamental unit of genetic material. 
b. fundamental unit of life. 

c. monomer of the sucrose polymer. 

d. basic repeating unit of a polymer. 

e. fundamental unit of a carbohydrate. 


.- Which of these functional groups plays the biggest role in 
the properties of carbohydrates? 


a. Alcohols 
b. Amides 

c. Esters 

d. Ethers 

e. Phenols 

- Which is not a function of fat within the body? 
a. It acts as a cushion to prevent injury. 

b. It acts as an energy reserve. 

c. ltacts as a source of glucose. 

d. It acts as insulation. 

e. All of the above are functions of fat. 


. Why do most steroids have chemical structures very 
similar to that of cholesterol? 


a. Most steroids are synthesized from cholesterol. 


b. Cholesterol is synthesized from saturated fats, and 
steroids are made from unsaturated fats. 


c. Cholesterol is a fat, which ¡s a lipid, like steroids. 


d. Steroids are made from saturated fats, and cholesterol 
1s made from unsaturated fats. 


e. None of the above is true. 


ó. Hlow are proteins similar to starches? 


a. Both are polymers. 


b. Both can be consumed and used as an energy sOUrce. 


c. Both are made of glucose monomers. 
d. Both are lipids. 
e. Both A and B are true. 


7. The structure of AT is most closely related to that of 


a. a carbohydrate. 
b. a lipid. 

c. an amino acid. 
d. a nucleic acid. 


e. a nucleotide. 


8. Vitamins such as the B vitamins and vitamin C are often 


lost by boiling vegetables. Why? 


a. They are water soluble and are poured down the 
drain with the water. 


b. The heat of the boiling water causes the vitamin to 
evaporate. 


c. They are fat-soluble compounds, and vegetables do 
not have much fat. 


d. The heat of the boiling water causes the vitamins to 
become locked within the cellulose. 


e. None of the above is true. 


9. Which of the following statements is true about 


metabolism? 


a. Metabolism involves the use of energy to make new 
biomolecules. 


b. Metabolism involves the rate of cellular respiration. 


c. Metabolism involves the destruction of biomolecules 
and the production of energy. 


d. AlI of the above are true. 
e. None of the above 1s true. 


10. Which statement about proteins is true? 


a. The source of a protein (mammal, fish, or poultry) 
has little effect on nutritional value. 


b. The simpler an amino acid is, the more likely it is to 
be synthesized by our bodies. 


c. All of the amino acids in the human body can be 
synthesized by our cells. 


d. AlI of the above are true. 
e. None of the above is true. 
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Partially Hydrogenated Fats 


artially hydrogenated. lt ¡is a 
Eˆ that seems to be on the 

ingredients lists of most food 
products nowadays. There are others, 
such as trans-free, low in saturated 
fats, and high in unsaturated fats. 
What do these expressions mean? 
What is supposedl to be good for you 
and what is bad? 

One of the building blocks of 
dietary fats is fatty acid molecules, as 
shown to the right. Every fatty acid 
molecule consists of a long chain 
of nonpolar carbon atoms attached 
to a polar carbon and an oxygen 
unit known as a carboxylic acid. As 
discussed ¡n this chapter, there are 
two types of fats—those made from 
†atty acids with no double bonds and 
those made from fatty acids with one 
or more double bonds. Fatty acids 
with no double bonds are called 
saturated fatty acids, while those with 
one or more double bonds are called 
unsaturated fatty acids. 

Saturated fat molecules are able 
to pack tightly together because 
their fatty acids point straight out 
and align with one another, much 
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like a bunch of wooden 
matchsticks in a match 
box. Induced dipole— 
induced dipole attrac- 
tiòỏns hold the aligned 
chains together. This 
gives saturated  fats, 
such as lard, relatively 
high melting points, and 
as a result, they tend 
to be solid at room 
temperature. The fatty 
acid chains of unsatu- 
rated fats are “kinked” 
wherever double bonds 
occur. The kinks inhibit 
alignment, and as a 
result, unsaturated fats tend to have 
relatively low melting points. These 
fats are liquid at room temperature 
and are commonly referred to as 
oils. Most vegetable oils are liquid 
at room temperature because of the 
high proportion of unsaturated fats 
they contain. 

So which are better for you: 
saturated or unsaturated fats? The 
answer ¡is that the body needs 
both to remain healthy. For exam- 


nonpolar carbon chain 


double bond =.. 


nonpolar carbon chain 


À CÀ G1) 


O 
| 


polar carboxylic acid 


Saturated fatty acid 
| 


polar carboxylic acid 


Únsaturated fatty acid 


ple, the body uses saturated fats 
to produce cholesterol, which ¡is 
needed to strengthen cell mem- 
branes. Numerous biomolecules are 
also made from unsaturated fats. 
Furthermore, both saturated and 
unsaturated fats are required by the 
body because of their high energy 
content. A diet high ¡in saturated 
†ats, however, leads to the forma- 
tion of plaque ín artery walls, and 
this predisposes the body to heart 
attacks and strokes. A diet high in 
unsaturated fats, by contrast, can 
actually work to lower blood cho- 
lesterol, thereby reducing the risk 
of coronary heart disease. For these 
reason, diets high in unsaturated 
fats—the ones with the double- 
bond kinks—are generally consid- 
ered to be healthier. 

Saturated fats tend to be solid, 
while unsaturated fats tend to be liq- 
uid. Think about this from the point of 
view of, say, a manufacturer of choco- 
late candies. Your chocolate candies 
need to be formulated with fats to 
give them that delicious creamy fla- 
vor. lÝ you choose saturated fats, your 
chocolate bars will take on more of a 


solid consistency, which allows you to 
wrap them and then package them 
neatly in boxes for display on the 
grocery store shelf. lf you choose the 
healthier unsaturated fats, however, 
your chocolate candlies will likely melt 
the moment they leave your air-con- 
ditoned factory. Furthermore, com- 
pared to saturated fats, unsaturated 
fats tend to go rancid a lot faster; so 
your chocolate candies formulated 
with unsaturated fats will have a much 
shorter shelf life. What do you do? 

lt has been known for over 100 
years that unsaturated oils can be 
transformed to a more solid consis- 
tency by hydrogenation, a chemical 
process in which hydrogen atoms are 
added to carbon double bonds. Any 
desired consistency can be obtained 
by adjusting the degree of hydro- 
genation. Complete hydrogenation 
saturates all the double bondls, result- 
ing in a hardened saturated fat. Partial 
hydrogenation, however, saturates 
only some of the double bondls, result- 
ing in a mixture of both saturated 
and unsaturated fats. This mixture ¡is 
semisolid, which, from a marketing 
perspective, is most desirable. 

One of the first commercial fat 
products to arise from hydrogenation 
was margarine, which is a blend of 
partially hydrogenated vegetable oils, 
water, salt, butter flavoring, emulsi- 
fiers, and preservatives. lnitially, mar- 
garines best selling point was its low 
price. But by the 1970s, it began to 
be sold as a healthier alternative to 
butter, which had been revealed to 
increase the incidence of heart dlis- 
ease. A couple of decades later, how- 
ever, the good news for margarine 
and the multitude of other products 
containing partially hydrogenated fats 
began to fade when studies showed 
that hydrogenation also creates what 


“trans-“double bond 


Trans unsaturated fatty acid 
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are known as trans unsaturated  fats. ln 
the trans unsaturated fat, the orienta- 
tion of the trans double bond makes 
for a linear molecule that resembles a 
saturated fat. 

Trans fats, it was found, increase 
the incidence of coronary heart 
disease by mimicking the plaque- 
forming properties of saturated 
fats. According to the U.S. Food 
and Drug Administration, an aver- 
age candy bar contains 4 grams of 
saturated fats and 3 grams of trans 
fats. A serving of stick margarine 
contains 2 grams of saturated fats 
and 3 grams of trans fats. French 
fries contain 7 grams of saturated 
fats and 8 grams of trans fats. So 
the proportion of trans fats in many 
commonly consumed foods ¡is sig- 
nificant. To help the consumer make 
informed food choices, the FDA 
requires that nutrition labels display 
the content of trans fats. From these 
labels, you will find that “When ¡in 
doubt, the soft one wins out, but 
liquid is always better.” 


CONCEPTCHECK 


List the following products in order 
of increasing proportion of trans 
fats: stick margarine, soft tub mar- 
garine, butter. 


CHECK YOUR ANSWER 
lnterestingly, trans fats occur nat- 
urally, but only to a very smaill 
extent. The trans fat content of 
butter ¡is therefore negligible. The 
soft tub margarine is soft because 
it wasn“t hydrogenated very long, 
which means that it has fewer trans 
†ats than does the stick margarine. 
In order of increasing trans fat con- 
tent: butter < soft tub margarine < 
stick margarine. 


Think and Discuss 


đc 


Today ¡in the United States, 
margarine outsells butter by a 
2:1 ratio. Do you generally use 
margarine or butter or neither? 
Why? Also, butter has practically 
no trans fats. Does this mean 
that butter is better for you than 
margarine? 


In 188ó, the U.S. Congress 
passed the Margarine Act, which 
added a hefty tax to margarine 
and required expensive licenses 
to make or sell it. States also 
passed laws forbidding manu- 
facturers to add yellow_ color- 
¡ng to the naturally pale spread. 
Why do you suppose these laws 
were enacted? Do you agree 
with these sorts of laws? Explain. 


Some vegetable oils, such as 
palm oil, are high in saturated 
fats. Do you think these highly 
saturated vegetable oils will 
become more or less popular as 
the public becomes more mind- 
ful of buying products advertised 
as “trans free“? Why? 


Trans fats have been added to the 
nutrition labels of foods. What 
next? Will nutrition labels eventu- 
ally become so detailed that they 
rarely get read by consumers? At 
what point does a label provide 
too mụuch information? 


Processed foods are made of the 
same kinds of atoms that are in 
fresh foods. So why all the hype 
against processedl foods? 
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Solutions to Odd-Numbered Chapter Ouestions 


1. The cell nucleus is within the cytoplasm. 


3. Not all carbohydrates can be digested by humans. Cellulose, 
for example, is a carbohydrate that is not digestible. Many 
adults also lack the ability to digest the carbohydrate lactose. 


5. Starches and cellulose have gÌucose in common. 


7. A triplyceride consists of a glycerol molecule attached to 
three fatty acid molecules. 


9. AlI steroids have a system of four linked carbon rings. 
11. All are made of amino acids. 


13. Molecular attractions, including hydrogen bonding and 
induced đipole-induced dipole attractions, hold a substrate to 
the receptor site. 


15. DNA is found mainly ¡in the cell nucleus. 


17. The DNA double helix unwinds, and each strand becomes 
a template for the formation of new complementary strands. 
The end result is that one DNA double helix is replicated into 
two identical DNA double helices. 


19. Vegetables boiled ¡in water lose their water-soluble 
vitamins. 


21. Anabolism results in the synthesis of large biomolecules. 


23. No. Cellulose is an insoluble fiber. Dietary fibers may also 
be made of soluble fibers, which are found in oats, barley, 
and legumes, that slow digestion, thus stabilizing blood 
glucose levels. 


25. It is more energy efficient for the body to obtain these 
amino acids from other living organisms. The reason is the 
essential amino acids have side groups that are biochemically 
difficult to synthesize. 


27. Two layers should form. The bottom layer is the denser 
water, and the top layer is the fat. With the chilled lipid layers, 
you can assume that, in general, the more solid the sample, the 
higher its proportion of saturated fats. 
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As you should have discovered from this activity, the 
“light” brands of spread contain fewer calories simply because 
they contain a greater proportion of water. Rather than water, 
some brands whip air into the spread. Either way, the net 
result is fewer lipid molecules per serving, which for saturated 
fats, is not a bad deal. Note that many of the “light” brands are 
labeled “for spread purposes only, not for cooking.“ One of the 
reasons is the excess amount of water they contain. 


29. Looking at the side chains of these amino acids from 
Figure 16: (most acidic) tyrosine > phenylalanine > histidine 
(least acidic, which ¡is the same as most basic) 


31. Nucleotides come together to make a nucleic acid. A gene 
is a small portion of the nucleic acid sequence of nucleotides. 
In order of increasing size: nucleotide < gene < nucleic acid. 


33. The plasma membrane is made primarily of lipids. 


35. A carbohydrate is made from water and carbon dioxide, 
but in no way does it “contain” those two materials. 


37. Both cellulose and starch are polymers of glucose. They 
differ in the way the glucose units are linked together. In 
cellulose, the beta linkages result in linear polymers that 
strongly align with each other, giving rise to a tough material 
useful for structural purposes in plants. In starch, the alpha 
linkages permit the formation of alpha helices. 


39. Enzymes in your mouth break down the starch into 
individual glucose units, which are sweet. 


41. Lipids are made primarily of nonpolar hydrocarbons. 
Therefore, the lipids do not dissolve in water because they 
cannot compete with the strong attraction water molecules 
have for themselves. 


43. Technically, a fat molecule is synonymous with a 
triglyceride. Triglycerides are the fats that are commonly 
part of one“s diet. So if a product contains no triglycerides, 
there may be some legitimacy in saying that it is “free of fat 
molecules.“ Once fat molecules are digested, however, they 
have been broken down into fatty acids and glycerol molecules. 
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This product, therefore, would still offer your body the same 
type of molecules that any other type of food does along with 
the same number of Calories. 


45. Your customer“s hair ¡is fine because each strand is thin. 
Because each strand is thin, there is less mass per strand. 
Because it has less mass per strand, each strand is made of 
fewer amino acids, which includes fewer cysteine amino 
acids and đisulfide cross-linkings. Adding a concentrated or 
even a regular strength reducing agent might cause his haiïr 
to fall apart completely. Yikes! You should dilute the reducing 
agent prior to application. You might even skip the reducing 
step altogether and go directly to the đisulfide bond-forming 
oxidizing step. 


47. Location a: đipole-dipole attractions (hydrogen bonding); 
location b: disulfide bonds; location c: induced dipole-induced 
dipole (hydrophobic attractions). The primary structure of 
this protein is the sequence of amino acids that make up the 
protein. The secondary structure includes the three alpha 
helix regions (the coils) and the one pleated sheet region (the 
zigzags). The tertiary structure ¡is the overall shape of the 
entire polypeptide chain. No quaternary structure is observed 
because this polypeptide is not associated with an adjacent 
polypeptide. 

49. The two common secondary structures are alpha helices 


and pleated sheets. Two common tertiary structures are 
globular proteins and fibrous proteins. 


51. There are at least 20 different types of amino acids, which 
is many more than the different types of nucleotides. With a 
greater variety of monomers, proteins seemed to offer a better 
potential for holding a greater wealth of genetic information. 
Many scientists were surprised to learn o£ Watson and Crick“s 
structural model for DNA and their proposal to explain how 
such an elegant structure, with only four nucleotides, could be 
the holder of our genetic identity. 


53. Cytosine with its amine group transformed into an amide 
is uracil. lf uracil were present as a normal component of 
DNA, it would not be distinguished from those generated 
by cytosine degradation. The repair enzymes would transform 
all the uracils—those that came from cytosine and those that 
đidnt— into cytosine, thereby creating only three nucleotides 
in DNA rather than four. The methyl group on thymine is 
apparently the “label” that tells the repair enzymes to leave 
it alone, thus preventing potentially fatal loss of genetic 
information. 


55. Water readily passes throuph our body, which is itself 
made primarily of water. Excess quantities of the water-soluble 


vitamins, therefore, are readily excreted. Water-insoluble 
vitamins, by contrast, tend to build up in fatty tissues where 
they can remain for extended periods of time. 


57. You should tell your friend that her body needs and will 
absorb only a certain amount of vitamin C every day. lf she 
loads up with excess amounts only once a week, her body 
has no way of storing this excess amount. Instead, the excess 
amount will be excreted, leaving her potentially low on this 
vitamin for days at a time. 


59. All the phosphate groups are negatively charged, which 
means they repel each other. It is the electric force of repulsion 
between these phosphate groups that causes the rapid 
acceleration of the terminal phosphate group when cleaved. 
In this sense, the ATP molecule is like a compressed spring, 
which is why it is considered to be a highly energetic molecule. 


61. Every muscle in your body is a source of amino acids for 
yourself (as welÏ as for any organisms that might end up eating 
you). In times of starvation, your body will access this source 
of amino acids, resulting in a decrease in muscle mass. 


63. Sucrose is a dissacharide and must be broken into its two 
saccharide units—only one of which is glucose—before it may 
be used by the body. 


65. You can experience a significant increase in blood glucose 
by eating a lot of food that is low on the glycemic index. Both 
the quality and quantity of the food you eat is important. 


67. Just add milk and your breakfast of cold cereal will be 
fully balanced. 


69. Peoples metabolisms vary. A diet that works for one 
person will not necessarily work for another person no matter 
how closely the two individuals stick to the regimen. Its 
interesting that our bodies adapt to our diets. For example, 
people who have difficulty digesting dđairy products can 
eat more đairy products simply by introducing more dairy 
products slowly over time. This allows bacterial colonies 
within a person“s gut to adjust to the new conditions. Changing 
one“s điet is easiest and usually most effective when done 
gradually over time. A person shouldnít start eating large 
quantities of protein and fat. It is better to slowly build up to 
larger portions of these foods. Regarding high-protein diets, 
there is still much debate regarding their risks and benefits. A 
person should consult a nutritionist or physician. Regarding 
exercise, remember that seven days without exercise makes 
one weakl 
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Morphine 


- Slits cụt into the pod of the opium poppy plant exude 
a thick oil that contains a variety of pain-killing analgesics, 
such as morphine. 


1 Medicines Are Drugs That Benefit 
the Body 


2 The Lock-and-Key Model Guides 
the Synthesis of New Medicines 


3 Chemotherapy Cures the Host by 
Killing the Disease 


4 The Nervous System ls a Network 
of Neurons 


5 Psychoactive Drugs Alter the Mind 
or Behavior 


ó Pain Relievers lInhibit the 
Transmission or Perception of Pain 


7 Medicines for the Heart 
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Mediicinal 
ChemìiStrV 


THE MAIN IDEA 


Medicines are like keys that unlock various 
biological responses. 


Materia Medica, a treatise in which he described about 

600 plants known to have medicinal properties. 
Included ïn this list was the morphine-producing opium 
POPPy. With the development of chemistry in the earÌy 
1800s came the understanding that natural products 
owe their medicinal properties to certain substances 
they contain. Morphine was first isolated from opium in 
1806. Quinine, a drug once used ïn fighting malaria, was 
1solated from the bark of the cinchona tree in 1820. Soon, 
compounds produced ¡in the laboratory were also found 
to have medicinal properties. In the 1840s, the anesthetic 
activity of diethyl ether made painless surgery and 
dentistry possible. 

In the 1860s, Louis Pasteur confirmed the germ theory 
of disease with his discovery of bacteria. This led to the 
discovery of the antiseptic properties of phenol. The 
first major advance toward curing bacterial diseases 
was not made until the 1930s, when sulfur-containing 
compounds known as sulfa drugs were developed. Next 
came penicillin. Subsequent research has led to an ever- 
expanding array of medicines—both natural and synthetic. 
Today, more than 25,000 prescription and 300,000 
nonprescription medicines are available in the United 
States. 


Ệ 78 A.D., the Greek physician Dioscorides wrote 
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paper ball. Let the clay cool (in 
a freezer, if available) so that the 
clay retains the shape of that 
nook or cranny. 


Paper Wad Receptor Site 


Most drugs work by binding to 
tiny nooks and crannies within our 
bodles, called receptor sites. The 
biological effect of the drug occurs 
only upon the binding of the drug 
to its receptor site. For this activity, 
the clay represents a drug, which 
has a receptor site found within the 
paper ball. 


ANALYZE AND CONCLUDE 


1. Once you pull your clay out of 
the paper, does the paper have 
to open up and flex to re-accept 
the clay? How well does the clay 
fit in other nooks andl crannies? 


2. lftwo drugs have the same 
biological efect, what might be 
1. Wad a sheet of paper into a ball. true about their 3-dimensional 
2. Soften a teaspoon of craft clay shapes? 
by kneading It with your hands 3. Some drug molecules have 
or by heating the clay in a micro- rigid structures that do not flex 
wave oven for a few seconds. very easily. Others have a more 
3. Press the softened clay into one relaxed  structure that can contort 
of the nooks or crannies of the into a variety of shapes. Which 


PROCEDURE 


+1 Medicines Are Drugs That Benefit the Body 


EXPLAIN THIS 
When might a medicine actually cause you harm? 


What is a medicine? A ?eđicine is a drug taken for the purpose of improv- 
ing a persons health. So what then is a drug? Loosely defined, a đr1 1s any 
substance other than food or water that affects the way the body functions. 
The word đrue refers to a wide range of chemical substances. All medicines 
are drugs, but not all drugs are medicines. Many drugs are used for non- 
medical purposes, some legal and others illegal. Legal nonmedical drugs 
include alcohol, caffeine, and nicotine. Ilegal nonmedical drugs include 
LSD and cocaine. 

There are a variety of ways to classify drugs. For example, drugs can be 
classified according to the way they are derived, as is shown in Table 1. Drugs 
that are “natural products“ come directly from terrestrial or marine plants 
or animals. Drugs that are “chemical derivatives” are natural products that 
have been chemically modified to increase potency or decrease side effects. 
“Synthetic” drugs are made completely in the laboratory. 

Perhaps the most common way to classify drugs is according to their 
primary biological effects. Note, however, that most drugs exhibit a broad 
spectrum of activity, which means they have multiple effects on the body and 
may fall under several classifications. Aspirin, for example, relieves pain, but 
it also reduces fever and inflammation, thins the blood, and causes ringing in 
the ears. Morphine relieves païn, but it also causes constipation and suppresses 
the urge to cough. 


of these types of drug molecules 
might have a greater variety of 
biological efects? Which ¡s likely 
to have a more specific biologi- 
cal effect? 


LEARNING OBJECTIVE 


Classify drugs by their origin and 
describe the synergistic effect. 


._Ô`Ảìn 


Do most drugs have a single effect on 
the body or multiple effects? 
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Bac†eridl infec†ions, no† cancer or heor† 
a††acks, were †he leading cause of deo†h 
in †he Uni†ed S†a†es prior †o †he 

discovery of antibiofics in †he l930s. 


& FORYOUR 
INFORMATICON 
The toxicity of any substance is in 
the size of the dose. Fresh water, for 
example, can be lethal if you drink 
too much of it. Why? Because too 
much would flush out dissolved ions 
that are absolutely essential for your 
health. Similarly, while small amounts 
of fluoride protect against tooth 
decay, larger amounts can cause 
your teeth to be mottled. Worse still, 
excessive fluoride binds with calcium 
in your blood, forming lethal calcium 
fluoride crystals. Again, for emphasis, 
the toxicity of any substance is in the 
size of the dose. 
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TABLE 1 
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O©RIGIN 


The Origins of Sòồme Common Drugs 


DRUG 


BIOLOGICAL EFFECT 


Natural product 


Chemical derivative of 
natural product 


Synthetic 


Caffeine 
Reserpine 
Vincristine 
Penicillin 
Morphine 
Prednisone 
Ampicillin 
LSD 
Chloroquine 
Ethynodiol diacetate 
Valium 
Benadryl 
AIllobarbital 
Phencyclidine 
Methadone 


Nerve stimulant 
Hypertension reducer 
Anticancer agent 
Antibiotic 


Analgesic 


Antirheumatic 
Antibiotic 
Hallucinogen 
Antimalarial 
Contraceptive 
Antidepressant 
Antihistamine 
Sedative-hypnotic 
Veterinary anesthetic 


Analgesic 


At times, the multiple effects of a drug are desirable. For example, aspi- 
rins pain-reducing and fever-reducing properties work well together in 
treating flu symptoms in adults. In addition, aspirin“s blood-thinning ability 
helps prevent heart disease. Morphine was widely used during the American 
Civil War for both relieving the pain of battle wounds and controlling diar- 
rhea. Often, however, the side effects of a drug are less desirable. Ringing in 
the ears and upset stomach are a few of the negative side effects of aspirin, 
and a major side effect of morphine is its addictiveness. A main goal of drug 
research, therefore, is to find drugs that are specific in their action and that 
have minimal side effects. 

Although two drugs that are taken together may have different primary 
activities, they may share a common secondary activity. This secondary effect 
that both drugs share can be amplified when the two drugs are taken together. 
Ơne drug“s enhancing the action of another ¡is called a synergistic effect. A 
synergistic effect is often more powerful than the sum of the activities of the 
two drugs taken separately. One of the great challenges for physicians and 
pharmacists is keeping track of all possible combinations of drugs and poten- 
tial synergistic effects they might have. 

The synergism that results from mixing drugs that have the same primary 
effect is particularly hazardous. For example, a moderate dose of a sedative 
combined with a moderate amount of alcohol may be lethal. In fact, most drug 
overdoses are the result of a combination of drugs rather than the abuse of a 
single drug. 


C2 0UC BE TC HECK 


Distinguish between a drug and a medicine. 


CHECK YOUR ANSWER A drug ¡is any substance administered to affect body 
function. A medicine ¡is any drug administered for its therapeutic effect. All medicines 
are drugs, but not all drugs are medlicines. 
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2 The Lock-and-Key Model Guides the Synthesis of New Medlicines 


EXPLAIN THIS 
Receptor sites are made of what sort of biomolecules? 


To find new and more effective medicines, chemists use various models that 
describe the way drugs work. By far, the most useful model of drug action 1s 
the lock-and-key model. The basis of this model is that there is a connection 
between a drug“s chemical structure and its biological effect. For example, mor- 
phíne and all related pain-relieving opioids, such as codeine and heroin, have 
the T-shaped structure shown in Figure 1. 

According to the lock-and-key model illustrated ¡in Figure 2, biologically 
active molecules function by fitting into recepfor sifes, where they are held by 
intermolecular attractions, such as hydrogen bonding. When a drug molecule 
fits into a receptor site the way a key fits into a lock, a particular biological 
event is triggered, such as a nerve impulse or even a chemical reaction. In 
order for a molecule to fit into a particular receptor site, however, it must have 
the proper shape, just as a key must have properly shaped notches in order 
to fit into a lock. 

Another facet of this model is that the molecular attractions holding a drug 
to a receptor site are easily broken. (Most molecular attractons are many times 
weaker than chemical bonds.) A drug is therefore held to a receptor site only 
temporarily. Once the drug is removed from the receptor site, the drug“s chemi- 
cal structure is degraded and the effects of the drug are said to have “worn off.” 

Using this model, we can understand why some drugs are more potent than 
others. Heroin, for example, is a more potent painkiller than morphine because 
the chemical structure of heroin allows tighter binding to its receptor sites. 

Why do our bodies have receptor sites? Receptor sifes allow different parts 
of the body to communicate with each other. If a large bear threatened you, for 
example, your nervous systen would generate molecules that would bind to 


N = 
T-shaped 3-di ional 
"ma... Ò 
opioids 
O—H 
Morphine 
N1 == “` 
HạC O—CH; HạC 
O 
Codeine 


^ Figure †1 
All drugs that act like morphine have the same basic 3-dimensional shape as morphine. 


LEARNING OBJECTIVE 
Describe the lock-and-key 
model and explain how this 


model is used in the development 
of new medicines. 


_.ẢN. 


What is the basis of the lock-and-key 
model? 


Heroin 
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FORYOUR 
INFORMATION 


Since 1999, the Bill and Melinda 
Gates Foundation has granted 

over $5 billion to global health 

plans. This includes the Vaccine 

Fund of $750,000,000 to support 

the immunization of children in 

74 countries through the purchase 

of new vaccines. A $42 million Gates 
Foundation grant was also used 

to help support the Institute for 
OneWorld Health, the first nonprofit 
pharmaceutical company in the United 
States. The mission of OneWorld 
Health is to develop safe, effective, 
and affordable new medicines for 
people with infectious diseases in the 
developing world. 


^ Figure 3 

Ethnobotanists directed natural prod- 
ucts chemists to the yellow coating on 
the root of the African Bobgunnia tree. 
Indigenous people have known for many 
generations that this coating has medicinal 
properties. From extracts of the coat- 
ing, the chemists isolated a compound 
that is highly effective in treating fungal 
infections. This compound, produced by 
the tree to protect itself from root rot, 
shows mụuch promise in the treatment of 
the opportunistic fungal infections that 
plague those suffering from AIDS. 
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Drug molecule 
(morphine) 


Lock 


^ Figure 2 
Many drugs act by fitting into receptor sites on molecules, much as a key fits into a lock. 


receptor sites within your adrenal glands, which would then create the stimulant 
adrenaline. Once released into the bloodstream, the adrenaline would bind to 
adrenaline receptor sites on your mmuscles, which would tell your muscles to power 
up—so that you could climb a nearby tree. 

Many drugs act by binding to the receptor sites of these naturally occur- 
ring communication molecules. Some drugs, upon binding, cause the same 
biological effect as the natural molecule. These drugs are called agonists. An 
example of an agonist is morphine, which mimics molecules the body produces 
to relieve pain—the endorphins. 

Upon binding to a receptor site, other drugs initiate no biological effect 
except, once bound, they prevent other active molecules from binding. Thus, 
the receptor site is effectively blocked. Such a drug ¡s called an antagonist. A 
powerful antagonist to endorphins is the drug naloxone. Administering nalox- 
one to someone high on endorphins (or morphine) causes a rapid loss of that 
high and the immediate start of withdrawal symptoms. 

The lock-and-key model has developed into one of the most important 
tools of pharmaceutical study. Knowing the precise shape of a target receptor 
site allows chemists to design molecules that have an optimail fit and a specific 
biological effect. 

Biochemical systems are so complex, however, that our knowledge is sHill 
limited, as is our capacity to design effective medicines. For this reason, most 
new medicines are still discovered rather than designed. One important avenue 
for drug discovery is efhobotany. An cthnobotamist 1s a researcher who learns 
about the medicinal plants used in indigenous cultures, such as the root of the 
Bobgumnia tree, shown in Figure 3. Ioday, hundreds of clinically useful pre- 
scription drugs have been derived from plants. About three-quarters of these 
came to the attention of the pharmaceutical industry as a result of their use in 
folk medicine. 

Another important method of drug discovery is the random screening 
of vast numbers of compounds. Each year, for example, the National Cancer 
Institute screens approximately 20,000 compounds for anticancer activity. One 
successful hit was the compound TaxolŸ, shown in Figure 4. This compound 
shows significant activity against several forms of cancer, especially ovarian 
cancer. The yew tree produces only small amounts of this natural product, 
which is why the TaxolŸ used to treat cancer is synthesized in the laboratory. 

A drug isolated from a natural source is not necessarily better or more 
gentle than one produced in the laboratory. Aspirin, for example, is a human- 
made chemical derivative, and it is certainly more gentle than morphine, 
which ¡is 100 percent natural. The main advantage of natural products is 
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^ Figure 4 
Originally isolated from the bark of the Pacific yew tree, TaxolỞ is a complex natural product 
useful in the treatment of various forms of cancer. 


their great điøersif. Each year more than 3000 new chemical compounds are 
discovered from plants. Many of these compounds are biologically active, 
serving the plant as a chemical defense against disease or predators. Nicotine, 
for example, is a naturally occurring ¡insecticide produced by the tobacco 
plant to protect itself from insects. 

lt has been estimated that only 5000 plant species have been exhaustively 
studied for possible medical applications. This is a minor fraction of the 
estimated 250,000 to 300,000 plant species on our planet, most of which are 
located in tropical rainforests. That we know little or nothing about much of 
the plant kingdom has raised justified and well-publicized concern. For as 
rainforests are being destroyed, plant species that might yield useful medi- 
cines are also being destroyed. 

A recent laboratory approach intended to mimic nature“s chemical diver- 
sity is known as combinatorial chemistry; it is a method of generating a large 
“Hbrary“ of related compounds. Combinatorial chemistry takes advantage of 
the many different ways in which a series of reacting chemicals may be com- 
bined. Microquantities of reagents are combined in a grid to maximize the 
number of possible products, as is illustrated in Figure 5a. The result is a great 
number of closely related compounds that can be screened for biological activ- 
ity. The most active derivatives are analyzed for chemical structure and then 
synthesized on a larger scale for further testing or clinical trials. A typical array 
1s shown in Figure 5b. 


CC ON(CEITF TCHE€CK 


Why are chemicals from natural sources so suitable for making drugs? 


CHECK YOUR ANSWER_ Because there are so many naturally derived chemicals 
with biological effects. Their vast diversity permits the manufacture of the many differ- 
ent types of medicines needed to combat the many different tybes of human illnesses. 


Taxol® 


493 


LEARNING OBJECTIVE 


Describe how chemotherapy 
protects us from bacterial and viral 
infections as well as cancer. 


"....—-- 


How does chemotherapy work? 
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Tiny well or test tube 
in which reagents 
B and 4are mixed. 


1 2 3 4 


“Library” of products 
(a) (b) 


^ Figure 5 

(a) Eight hypothetical starting materials, A through D and 1 through 4, can be combined in 
various ways to yield 1ó products, each of which may have some biological activity not found in 
any of the starting materials. (b) A multitude of products are thus immediately available to be 
screened for medicinal activity. 


3 Chemotherapy Cures the Host by Killing the Disease 


EXPLAIN THIS 
How is an insecticide like a chemotherapeutic? 


The use of drugs that destroy disease-causing agents without doïng excessive 
harm to the animal host is known as chemotherapy. This approach is effec- 
tive in the treatment of many diseases, including bacterial infections. It works 
by taking advantage of the ways a disease-causing agent, also known as a 
pathogen, 1s different from a host. 


Sulfa Drugs and Antibiotics 


Developed in the 1930s, sJƒq drues were the first drugs used to treat bacterial 
infections. They work by taking advantage of a striking difference between 
humans and bacteria. Both humans and bacteria must have the nutrient ƒfolic 
acid in order to remain healthy. While we humans can obtain folic acid from 
what we eat, bacteria cannot absorb folic acid from outside sources. Instead, 
bacteria must make their own supply of folic acid. Eor this, they possess recep- 
tor sites that help make folic acid from a simpler molecule found ïn all bacteria, 
para-aminobenzoïc acid (PABA). The PABA attaches to the specific receptor site 
and is converted to folic acid, as shown in Figure ó. 

Sulfa drugs have a close structural resemblance to PABA. When taken by a 
person suffering from a bacterial infection, a sulfa drug is transformed by the 
body into the compound suJfanilamide, which attaches to the bacterial receptor 
sites designed for PABA, as shown in Figure 7. This prevents the bacteria from 
synthesizing folic acid. Without folic acid, the bacteria soon die. The patient, 
however, lives on because folic acid is part of his diet. 
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rò Ø1; 


Folic acid 


Bacterial enzyme 


C(@ÔONNCG EPTCHECK 


How ¡s sulfanilamide poisonous to bacteria but not to humans? 


CHECK YOUR ANSWER Sulfanilamide ¡is poisonous to bacteria because it 
prevents them from synthesizing the folic acid they need to survive. Humans utilize 
folic acid from their diet, so they are not bothered by sulfanilamide's ability to disrupt 
the synthesis of folic acid. 


AnHbiotics are chemicals that prevent the growth of bacteria. They are 
produced by microorganisms such as molds, fungi, and even bacteria. Penicillin 
was the first antibiotic discovered. Many derivatives of pericillin, such as the 
penicillin G shown ïn Figure 8, have since been isolated from microorganisms as 
well as prepared in the laboratory. Penicillins and the closely related compounds 
known as cephalosporins, also shown in Eigure 8, kil bacteria by inactivating 
receptor sites responsible for strengthening the bacterial cell wall. With this recep- 
tor site inactivated, bacterial cell walls ørow weak and eventually burst. 


Chemotherapy Can Inhibit the Ability of 
Viruses to Replicate 


So far, chemotherapy has been more successful in treating bacterial infections 
than in treating viral infectHons. Perhaps the greatest obstacle to effective viral 
treatment lies in the nature of viruses. When not attached to a host, a virus is an 
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Bacterial enzymes use para-aminobenzoic 


acid (PABA) to synthesize folic acid. 


4 Figure 7 

In the body, sulfa drugs are trans- 
†ormed into sulfanilamide, which binds 
to the bacterial receptor sites and keeps 
them from doing their job. 
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) Figure 8 

Penicillins, such as penicillin G, and cepha- 
losporins, such as cephalexin, as well as 
most other antibiotics, are produced 

by microorganisms that can be mass- 
produced in large vats. The antibiotics are 
then harvested and purified. 
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^ Figure 9 

Viruses are mụuch smaller than bacteria 
and many times smaller than animal 
cells. (Notice the small dot representing 
the virus.) The smallest of all pathogens, 
viruses consist mostly of nucleic acids 
enclosed in a protein coat. 


` Figure 10 

Before a nucleoside such as guanosine can 
be incorporated into RNA or DNA, it must 
be activated through the attachment of 
three phosphate groups. 
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inert, lifeless bundle of biomolecules—and ifs difficult to kill something thats 
not alivef A typical virus, shown in Figure 9, consists of only one strand or several 
strands of either RNA or DNA encapsulated in a protein coat. Some viruses infect 
by attaching to a cell and then mjecting their genetic contents into the cell. Qnce 
inside the cell, the virus”s genetic information is incorporated into the host DNA 
and replicated by the host cell. Eventually, the cell bursts because it is overstuffed 
with a multitude of viral replicates, which then spread to infect other host cells. 

Most common antiviral drugs are derivatives of #+cleosides, which are 
similar to nucleotides but without a phosphate group. Nucleosides roam freely 
¡n all cells and are used by the cells to create RNA or DNA. Before being used, 
however, the nucleosides must first be primed with three phosphate groups, 
as shown in Figure 10. Various synthetic derivatives of nucleosides are read- 
ily primed by virus-infected cells but not by uninfected cells. Two synthetic 
nucleoside derivatives, both shown in Figure 11, are acyclovir, sold under the 
trade name Zovirax®, and zidovudine, sold under the trade name AZT. Once 
incorporated in the RNA or DNA of a virus-infected host cell, these nucleoside 
derivatives đisrupt protein synthesis, and the infected cell dies before replicat- 
¡ng the virus. Proliferation of the virus, although not halted, ¡is thus brought 
unđer control. 
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Deoxythymidine Zidovudine (AZT) 


Acyclovir is useful in the treatment of herpes. Oral herpes is caused by 
the herpes simplex virus 1 (HSV-1), and genital herpes is caused by the herpes 
simplex virus 2 (HSV-2). More than 90 percent of the world“s population is 
infected with the oral herpes virus, although many infected people do not 
exhibit symptoms. Genital herpes is the most prevalent noncurable sexually 
transmitted disease. In the United States, about 30 million people are infected 
with HSV-2 and an estimated 200,000 to 500,000 new cases are seen each year. 

Zidovudine is used to suppress the replication of the human immuno- 
deficiency virus (HIV), which is responsible for acquired immune deficiency 
syndrome, AIDS (Figure 12). According to the World Health Organization, 
about 3 million people are infected by this virus each year, while about 
2 million people die as a result of AIDS. As of 2010, about 34 million people 
were living with an HIV infection. 

HIV research has led to a new class of antiviral agents known as Ø70feñse 
nhibifors. The life cycles of many viruses, including HTIV, depend on the actions 
of enzymes known as proteases, which break down proteins. A protease, for 
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4 Figure 11 

Acyclovir (Zovirax®) is a derivative of the 
nucleoside deoxyguanosine, and zidovu- 
dine (AZT) is a derivative of the nucleoside 
deoxythymidine. 
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An unusual feature of the herpes 
viruses is their preference for nerve 
cells. Stress to the nervous system, 
such as emotional stress or sunburn, 
can cause the virus to replicate, which 
leads to an outbreak through the skin. 
When they are not replicating, these 
viruses remain in nerve cells, where 
they are not detected by the body“s 
immune system, which has little 
activity in nerve cells. While remaining 
dormant in the nervous system, the 
viruses evade not only the inmune 
system but also antiviral drugs. 


4 Figure 12 

(a) The small green bodies covering this 
white blood cell are human immunode- 
ficiency viruses. (b) The anatomy of HIV. 
After the initial infection, the infected 
person“s immune response eliminates 
most of the virus. Some of the virus, 
however, remains dormant in infected 
cells and evades the immune response. 
Over a period of years, HIV reactivates 
itself, the immune system collapses, and 
the person succumbs to opportunistic 
diseases such as cancer and pneumonia. 
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The microorganism, Bugula neritina, is 
a common marine fouling agent that 
coats surfaces such as the hull of a 
boat. This species also produces small 
quantities of a structurally complex 
molecule, bryostatin 1, which shows 
much biological activity. This includes 
awakening HIV from its defensive 
dormant phase and thus making this 
virus susceptible to anti-virals and, 
potentially, a total eradiation from the 
human body. Bryostatin 1 is difficult 
to isolate and  difficult to synthesize 

in the laboratory. Easier to produce 
analogs, however, are showing even 
greater promise in the treatment 

of HIV. This is a classic example of 
where nature has given us a valuable 
head start in the development of 
chemotherapeutics. 
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Nelfinavir (Viracept) 
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example, might be used by a virus to penetrate the proteins on the cell mem- 
brane of a host cell or to break down the host“s polypeptides to create a sup- 
Pply of amino acids necessary for viral replication. Drugs that block the action 
of proteases control viral proliferation. Nelfinavir, sold under the trade name 
Viracept, is an example of an effective protease inhibitor and is shown in 
Figure 13. Patients receiving a “cocktail“ of a protease inhibitor and nucleoside 
antiviral agents may have their HIV counts brought below detectable levels. 
Although it ¡is unlikely that this repimen can totally eliminate HIV from an 
infected person, the highly reduced viral counts tend to significantly delay the 
onset of AIDS and reduce the patienf“s infectiousness to others. 


G1020) E0 H6 C 


A virus is so mụch simpler than a bacterium. Why then are viruses so 
much more difficult to target with chemotherapeutics? 


CHECK YOUR ANSWER Chemotherapeutics act by interfering with one or 
more of the chemical reactions a pathogen needs in order to exist. The more complex 
a pathogen, the more ways there are to interfere with its life cycle. The fact that viruses 
are so simple means we have few avenues for a chemotherapeutic approach. 


Cancer Chemotherapy Targets Rapidly Growing Cells 


Cells periodically lose the ability to control their own growth and begin multi- 
plying rapidly. Normally, the immune system recognizes these renegade cells 
and destroys them. Occasionally, however, they escape this line of defense and 
continue to multiply unchecked. The result can be a hard mass of tissue, called a 
tuimơr, that deprives healthy cells of oxygen and nutrients. Cells from a tumor may 
break away and be carried to other sites in the body, where they lodge and con- 
tinue to multiply, forming additional tưmors. As tumors multiply, more and more 
healthy cells are damaged and eventually die. Ultimately, the whole body may 
die. This is the process of cancer, the second leading cause of death in most devel- 
oped nations. At present mortality rates, one in six of us will die of this disease. 
Chemotherapy is most effective at the early stages of cancer, because drugs 
work best on cells that are in the process of dividing, a process called cellu- 
lar tritosis, shown in Figure 14. When a tumor is young, most of its cells are 
undergoing mitosis. As the tumor ages, however, the fraction of cells in this 
growth phase decreases, reducing drug sensitivity. Drugs also have a difficult 
time destroying all cells in a large tumor. A 100-gram tumor, for example, may 
contain about 100 billion cells. Killing 99.9 percent of these cells would still 
leave 100 million cells—too many for the patient“s Immune response to control. 
The same treatment against a 50-millipram tumor containing about a million 


^ Figure 13 


The protease inhibitor nelfinavir. 
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Parent cell with single set 
of chromosomes 


Duplicated chromosomes 


^ Figure 14 

During cellular mitosis, DNA and certain cellular proteins bundle together into chromosomes, 
which are visible under a microscope. These chromosomes duplicate themselves and then 
divide evenly into two separate cells called “daughter cells. “ 


cells would leave only about 1000 cells, which can be controlled by the immune 
system. Survival rates from cancer are therefore greatÌy increased by early diag- 
nosis. Hence, you are advised to keep close watch on your body for unusual 
siøns and schedule regular checkups with your physician. 

Dnfortunately, cancerous cells are not the only cells in the body that divide. 
Normal cells divide periodically, and some types of cells, such as those in the 
gastrointestinal tract and ín hair follicles, are always in a state of cellular division. 
As a consequence, cancer chemotherapeutics are noted for their toxicity; patients 
unđergoing treatments often experience øastrointestinal problems and haïr loss. 

DNA šs the target of many anticancer compounds, because during cellular 
mitosis, strands of DNA are unwound and therefore susceptible to chemical 
attack. A variety of chemicals may be used to selectively kill cells that are in 
the process of dividing. The compound 5-fluorouracil, for example, shown in 
Figure 15, is mistaken by a cell for the nucleotide base uracil. Once incorporated 
into the DNA of the cancerous cell, 5-fluorouracils nonnucleotide structure 
interferes with the normal DNA workings, and the cell dies. Harsher agents, 
such as cyclophosphamide and cisplatin, also shown in Figure 15, destroy 
DNA ability to function by chemically bonding to the DNA or by cross-link- 
¡ng the two strands of the double helix. 

Some anticancer drugs kill cancerous cells without acting on DNA. Certain 
alkaloids, such as vincristine, shown in Figure 16, and TaxolŸ, of Figure 4, kill 
dividing cells by preventing the formation of cellular microstructures they need 
for division. 
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&@ FORYOUR 
INFORMATION 
There are over 200 different types 
of cancer, which can affect nearly 
any type of body tissue. Of all the 
forms of cancer, about half of the 
newly diagnosed cases each year in 
the United States are nonmelanoma 
skin cancers. Lung cancer is next 

in frequency, with about 220,000 
new cases in the United States each 
year. The deadlliest form of cancer is 
pancreatic cancer, which has a 1-year 
survival rate of about 3 percent. 
One of the main reasons for this 

low survival rate is that ït is often 
asymptomatic until it has reached a 
late, or “advanced,“” stage. 


4 Figure 15 
These anticancer agents kill dividing 
cells by targeting the cells' DNA. 
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) Figure 17 

Methotrexate disturbs the metabolism 
of cancerous cells by substituting for 
dihydrofolic acid at dihydrofolic acid 
receptor sites. 
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Vincristine 


^ Figure 1ó 

Vincristine is a naturally occurring alkaloid that shows significant anticancer activity. lt is isolated 
from a plant closely related to the periwinkle, a common ornamental plant of tropical and 
temperate regions. 


As another point of attack, cancerous cells have high metabolic rates, 
which means they rely heavily on biochemical nutrients, such as the dihydro- 
folic acid shown in Figure 17. The anticancer agent methotrexate is structurally 
very similar to dihydrofolic acid and works by binding to dihydrofolic acid 
receptor sites in the cancerous cells, thereby interfering with metabolic reac- 
tions in the cells. 

The high metabolism of cancer cells means they also need to be fed 
an adequate supply of blood——a source of both nutrients and oxygen. The 
growth of a tumor, therefore, requires that new blood vessels be allowed to 
grow alongside new tumor cells. The growth of new blood vessels ¡is called 
anneiogeennesis. Drugs blocking the growth of new blood vessels are called 
aneioeenesis 1nhibifors. Some powerful angiogenesis inhibitors have been 
developed that selectively bind to a protein that cancer cells need to promote 
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angiogenesis. Upon binding, the inhibitor deactivates the protein. This shuts 
down the growth of new blood vessels into the tumor, which begins to shrink 
as cancer cells die from a lack of blood. Importantly, angiogenesis inhibi- 
tors are also being developed to inhibit angiogenesis in fat cells to help treat 
people with obesity. 

The angiogenesis inhibitors just described are examples of monoclonal 
antibodies, which have much potential in treating many different kinds 
of cancer. An antibody is a protein macromolecule the body produces to 
identify and then destroy an infectious agent, such as a bacterium or virus 
and even a cancer cell (Figure 18). Antibodies specific for certain cancer 
cells, called mơnoclonal anfibodies, can be created in the laboratory. The term 
1onoclonal means these antibodies are identical clones of each other, which 
means they can be produced in quantities sufficient for clinical use. The 
monoclonal antibody rituximab, for example, is effective at killing cancer- 
ous cells of certain lymphomas. Although not a cure, the rituximab helpsto  ^ Figure 18 
xiinitifitfns-glafsssF soi esiod: Antibodies are Y-shaped macromolecules 

: . - that are a frontline defense in a person“s 

Cancer chemotherapy combined with radiation therapy and/Or SUTE€TY  ¡mmune system. Once an antibody binds 
can be effective in minimizing the growth of or even curing many forms Of toa pathogen, a cascade of events leads 
cancer. As our understanding of cellular mechanics continues to ørow, so will to the destruction of the pathogen. 
our ability to increase the overall survival rates of cancer patients. A casein  F Hoffmann-La Roche Ltd. 
point lies with chronic myeloid leukemia, CML, a form of cancer in which 
certain blood cells proliferate because of an abnormal protein produced by 
a DNA mutation. From a mapping of the receptor sites on this protein, sci- 
entists were able to design a molecule, called Gleevec®, that binds to these 
receptor sites, as shown in Figure 19, and inhibits their functioning. Although 
not a cure for this once very deadly cancer, Gleevec® stops the progression 
of this disease and related diseases, with remarkable 5-year survival rates 
of around 95 percent. There are many forms of cancer, each with its own 
unique biochemistry. As Gleevec? demonstrates, our best hope lies not with 
a single magic bullet, but in our ability to learn the details of each cancer“s 
biochemistry. From what we learn, we are then empowered to develop 
targeted treatments. 
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^ Figure 19 
The amino acid chains of a renegade protein that causes a cancerous proliferation of blood 


cells are shown in blue and pink. This protein is formed from a certain mutation of DNA. The 


® 


Gleevec"” molecule, shown in gold, binds to receptor sites of this protein, rendering it defunct. 
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LEARNING OBJECTIVE 


Summarize how a nerve impulse 
travels along a neuron and across 
the synapse to an adjacent neuron 
using neurotransmitters. 


Ô'" 


What is a nerve impulse? 


` Figure 20 

(a) The resting phase of a neuron maintains 
a greater concentration of sodium ions 
outside the cell. This results in a voltage 

of about —70 millivolts. (b) In the impulse 
phase, sodium ions flush back into the 

cell through channels to give a voltage 

of about +30 millivolts. 


Negative ion 
Sodium ion 


Medicinal Chemistry 


4 The Nervous System ls a Network of Neurons 


EXPLAIN THIS 
Why is energy necessary for a neuron to remain at rest? 


Many drugs function by affecting the nervous system. To understand how 
these drugs work, it is important to know the basic structure and functions of 
the nervous system. 

Thoughts, physical actions, and sensory input all nvolve the transmission of 
electric sipgnals through the body. The path for these sipnals is a network of nerve 
cells, or eurơns. NÑeurons are specialized cells capable of sending and receiving 
electric impulses. First, in what ¡s called the resfrg phase, a nerve cell primes 
1tself for an impulse by ejecting sodium ions, as shown in Figure 20a. A higher 
concentration of sodium ions outside the neuron than inside creates a charge 
imbalance. The charge imbalance gives rise to an electric potential of around 
—70 millivolts across the cell membrane. As shown in Figure 20b, a nerve impulse 
1s a reversal in this electric potential that travels down the length of the neuron 
to the st/naptic ferrminals. The reversal of the electric potential within an impulse 
OCCurs as sodium ions flush back into the neuron. 

After the impulse passes a given point along the neuron, the cell again 
ejects sodium ions at that point to re-establish the original distribution of ions 
and the -70-millivolt potential. 

Dnlike the wires in an electric circuit, most neurons are not physically 
connected to one another. Nor are they connected to the muscles or glands on 
which they act. Rather, as Figure 21 shows, they are separated from one another 
or from a muscle or gland by a narrow gap known as the synaptic cleft. 
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4 Figure 21 
The passage of neurotransmitters across a 
synaptic cleft. 
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Neurotransmitter 


A nerve impulse reaching a synaptic cleft causes bubble-like compart- 
ments in the terminal, called øesicles, to release neurotransmitters into the 
cleft. Neurotransmitters are organic compounds released by a neuron that are 
capable of activating receptor sites within an adjacent neuron. 

A neurotransmitter, once released into the synaptic cleft, miprates across 
the cleft to receptor sites on the opposite side. If the receptor sites are located on 
a postsnapiic neuron, as shown 1n Figure 21, the binding of the neurotransmit- 
ter may start a nerve impulse in that neuron. If the receptor sites are located on 
a muscle or an organ, then binding of the neurotransmitter may start a bodily 
response, such as muscle contraction or the release of hormones. 

Two important classes of neurons are the sf7ess and 7infeñance neurOns. 
Both types are always firing. But in times of stress, as when facing an angry 
bear or giving a speech, the stress neurons are more active than the mainte- 
nance neurons. This condition is the fiehf-or-flieht response, during which fear 
causes stress neurons to trigger rapid bodily changes to help defend against 
impending danger: the mind becomes alert, air passages in the nose and lungs 
open to bring in more oxygen, the heart beats faster to spread the oxygenated 
blood throughout the body, and nonessential activities such as digestion are 
temporarily stopped. In times of relaxation, such as sitting down in front of the 
television with a bowÏ of potato chips, the maintenance neurons are more active 
than the stress neurons. Under these conditions, digestive Juices are secreted, 
intestinal muscles push food through the gut, the pupils constrict to sharpen 
vision, and the heart pulses at a minimal rate. 


G6 N6 En ni C HECK 
What ¡is a neurotransmitter? 


CHECK YOUR ANSWER A neurotransmitter is a small organic molecule 
released by a neuron. lt influences neighboring tissues, such as nerve membranes, by 
binding to receptor sites. 


CHEMICAL 
CONNECTIONS 
How is pumping iron (weight 
lifting) connected to pumping 
sodium ions? 


Wy s†ress neurons 
are firing more †han 
my main†enance 
neurons. 


Wy moin†enonce 
neurons are firing 
more Than my 
S†ress neurOns. 
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The chemical structures of the stress 
neurotransmitter norepinephrine and 
the maintenance neurotransmitter 
acetylcholine. 
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Recently developed drugs, known as 
ampakines, have been clinically shown 
to enhance learning and memory 
skills. These “smart pills” are being 
developed as a possible treatment for 
narcolepsy, attention deficit disorder, 
and Alzheimer“s disease. Once 
approved by the FDA, physicians 

can prescribe them for off-label 

uses, such as jet lag and age-related 
forgetfulness. These agents act 
primarily within the central nervous 
system (brain and spinal cord), and 
they do not cause the jitteriness 
commonly associated with caffeine 
and amphetamines. 
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Neurotransmitters 


©n the chemical level, stress and maintenance neurons can be distinguished 
by the types of neurotransmitters they use. The primary neurotransmitter for 
stress neurons is ?07epinephrime. The primary neurotransmitter for maintenance 
neurons is acef/lcholine. Both are shown in Figure 22. As we shall see in the 
following sections, many drugs function by altering the balance of stress and 
maintenance neuron activity. 

In additon to norepinephrine and acetylcholine, a host of other neu- 
rotransmitters contribute to a broad range of effects. Three examples are the 
neurotransmitters dopamine, serotonin, and gamma-aminobutyric acid, shown 
1n Figure 23. 

Dopamine plays a significant role in activating the brain's reward center, 
which is located ¡in the hypothalamus. This is an area at the lower middle 
of the brain, as illustrated in Figure 24. The hypothalamus is the main con- 
trol center for the involuntary part of the peripheral nervous system and 
for emotional response and behavior. Stimulation of the reward center by 
dopamine results in a pleasurable sense of ehorra, which is an exaggerated 
sense of well-being. 

Seroton is the neurotransmitter used by the brain to block unneeded 
nerve impulses. So that we can make sense of the world, the frontal lobes of 
the brain selectively block out a multitude of signals coming from the lower 
brain and from the peripheral nervous system. We are not born with this 
ability to selectively block out information. In order to have an appropri- 
ate focus on the world, newborns must learn from experience which lights, 
sounds, smells, and feelings outside and inside their bodies must be damped. 
A healthy, mature brain is one in which serotonin successfully suppresses 
lower-brain nerve signals. Information that does make it to the higher brain 
can then be sorted efficiently. 

Drugs such as LSD, which modify the action of serotonin, alter the brain“s 
ability to sort information, and this alters perception. While hallucinating, for 
example, an LSD user rarely sees something that isn't there. Rather, the user has 
an altered perception of something that does exist. 

The control of physical responses ultimately allows us to perform such 
complex tasks as driving a car or playing the piano. The control of emotional 
responses allows us to refine our behavior, such as overcoming anxiety in 
tense social interactons or remaining calm in an emergency. The brain con- 
trols both physical and emotional responses by inhibiting the transmission 
of nerve impulses. The neurotransmitter responsible for this inhibition— 
gamtmna-a—mnobutyric acid (GABA)—Is the major inhibitory neurotransmitter 
of the brain. Without it, coordinated movements and emotional skills would 
not be possible. 
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The chemical structures of three neurotransmitters important to the central nervous system. 
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Cerebellum 


^ Figure 24 


The human brain. 


CÀ ©O NGEETCHECK 


Match the neurotransmitter to its primary function: 


norepinephrine a. inhibits nerve transmission 
acetylcholine b. stimulates reward center 
dopamine c. selectively blocks nerve impulses 
serotonin d. maintains stressed state 

GABA e. maintains relaxed state 


CHECK YOUR ANSWERS d,e,b,c,a. 


5 _Psychoactive Drugs Alter the Mind or Behavior 


EXPLAIN THIS 


Structurally speaking, how are THC and ethanol different from most other 
Psychoactive drugs? 


Any drug that affects the mind or behavior is classified as psychoactive. In 
this chapter, we focus on two classes of psychoactive drugs: stimulants and 
depressants. 


Stimulants Activate the Stress Neurons 


By enhancing the intensity of our reactions to stimuli, sfimulanfs cause brief 
periods of heightened awareness, quick thinking, and elevated mood. They 
exert this effect by activating the stress neurons. Four widely recognized stimu- 
lants are amphetamines, cocaine, caffeine, and nicotine. 

Amphetamines are a family of stimulants that include the parent 
compound ø#phetamine (also known as speed) and such đerivatives as 
methamphetamine and pseudoephedrine. As you can see by compar- 
¡ng Figure 25 with Figures 23 and 22, these drugs are structurally similar 
to the neurotransmitters norepinephrine and dopamine. Amphetamines 


LEARNING OBJECTIVE 


Describe how stimulants, 
hallucinogens, and depressants 
work and the problems that occur 
with the abuse of these chemicals. 
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) Figure 25 

Amphetamines are a family of 
compoung:s structurally related to 
the neurotransmitters 
norepinephrine and dopamine. 
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In 1900, about 2 to 5 percent of 

the U.S. population was addicted 

to morphine and cocaine, which 
were the prime and usually secret 
ingredients of unregulated potions 
advertised to alleviate practically 

any illness. This drug addiction 

was reduced dramatically after the 
passage of the 190ó Pure Food and 
Drug Act. Three important aspects 
of this act were (1) the creation of 
the Food and Drug Administration, 
which was given authority to approve 
all foods and drugs meant for human 
consumption; (2) the requirement that 
certain drugs could be sold only by 
prescription; and (3) the requirement 
that habit-forming medicines be 
labeled as such. 


) Figure 26 

The South American coca plant has been 
used by indigenous cultures for many 
years in religious ceremonies and  as an aid 
to staying awake on long hunting trips. 
Leaves are either chewed or ground to a 
powdker that is inhaled nasally. 
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bind to receptor sites for these neurotransmitters. So amphetamines mimic 
many of the effects of norepinephrine and dopamine on the stress neurons, 
including the fight-or-flight response and a sense of euphoria. 

The stimulating and mood-altering effects of amphetamines give them a 
high abuse potential. Side effects of these drugs include insomnia, irritability, 
loss of appetite, and paranoia. Amphetamines take a particularly hard toll on 
the heart. Hyperactive heart muscles are prone to tearing. Subsequent scarring 
of tissue ultimately leads to a weaker heart. Furthermore, amphetamines cause 
blood vessels to constrict and blood pressure to rise. These conditions increase 
the likelihood of heart attack or stroke, especially for the one person out of four 
whose blood pressure is already hiph. 

Cocøine, a natural product isolated from the South American coca plant, 
shown in Figure 2ó, 1s one of the more notorious and abused stimulants. Once 
in the bloodstream, cocaine produces a sense of euphoria and increased stam- 
ina. It is also a powerful local anesthetic when applied topically. Within a few 
decades of its first isolation from plant material in 1860, cocaine was used as a 
local anesthetic for eye surgery and dentistry. This practice was stopped once 
safer local anesthetics were điscovered in the early 1900s. 
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Amphetamines and cocaine both have an effect on a process called 
neurotransmitter reuptake, which is the body“s way of recycling neurotrans- 
mitters, molecules that are difficult to synthesize. As shown in Figure 27, spe- 
cial membrane-embedded proteins pull once-used neurotransmitter molecules 
back into the presynaptic neuron so that they can be reused. Amphetamines 
open the reuptake channels so that neurotransmitters, such as norepinephrine 
and dopamine, pass freely in and out of the synapse. This increases the con- 
centration of these neurotransmitters in the synapse, which provides a feeling 
of being high. Cocaine acts a bit differently in that it binds specifically to the 
dopamine reuptake protein, thereby blocking the reuptake of this neurotrans- 
mitter. As a result, the concentration of dopamine within the synapse increases, 
which leads to a feeling of euphoria. 

Amphetamines and cocaine share a similar profile of addictiveness. As with 
most drugs, the degree of addictiveness is greatly dependent upon how the drug 
1s taken. In general, the quicker the drug is absorbed by the body, the greater the 
level ofaddictiveness. Furthermore, this relationship is not linear. A drug absorbed 
twice as fast, for example, may end up being not twice as addictive, but ten times 
as addictive. This is explained by the fact that when the drug is absorbed quickly, 
the concentration of the drug is much greater, which leads to a greater intensity. 

Injecting the drug into a vein is the fastest route of administration, followed 
by inhaling the vapors of the free-base form of the drug. Free-base means the 
nitrogen is “free“ of a hydrogen ion, which makes the molecule nonpolar and 
volatile when heated. The street drug crystal meth, also known as ice, is the 
free-base form of methamphetamine. Similarly, crack is the free-base form of 
cocaine. Crystal meth and crack are extremely dangerous drugs of abuse. The 
intense high is routinely followed by an intense low, which results as the sup- 
Pply of neurotransmitters becomes exhausted. Of course, the low prompts the 
user to seek more of the drug. The “milder“ but still dangerous hydrochloride 
salts of these drugs are typically sold as a powder. The salts of these drugs are 
soluble in water, which is why they can be absorbed (in order of increasing 
rates) by swallowing, snorting, or inserting a SuppOSitOTV. 

The mechanism of cocaine”s action is illustrated in Figure 28. The euphoric 
state induced by cocaine (and amphetamines) is only temporary because 
enzymes in the cleft metabolize, and hence deactivate, the dopamine. Once 
the cocaine is metabolized by enzymes, dopamine reuptake is again permit- 
ted. By this time, however, there is very little dopamine in the cleft to be 
reabsorbed. Nor is there an adequate supply of dopamine in the presynaptic 


4 Figure 27 

(1) Neurotransmitters bind to 

their postsynaptic receptors. 

(2) Neurotransmitters are reabsorbed 

by the presynaptic neuron that released 
them through proteins embedded in the 
presynaptic membrane. (3) A drug that 
interferes with reuptake causes a buildup 
of neurotransmitters in the synaptic cleft. 
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đ@) High levels of dopamine remain active @) Dopamine is metabolized and @) After cocaine is metabolized and 
in the synaptic cleft as cocaine blocks deactivated as it loiters in the deactivated, dopamine reuptake is 
dopamine reuptake sites. This causes synaptic cleft awaiting reuptake. no longer blocked. But there is very 
cocaine's euphoric effect. little dopamine in the synaptic cleft 


or in the neurons, and the cocaine 
user experiences extreme depression. 


OẺỜ sử: hủ dbparfiflierÍevslxfthe neuron, which is unable to make sufficient quantities of dopamine without 

synaptic clefts of the brain“s reward center. the recycling process. The net result is a depletion of dopamine that causes 
severe depression. 

Long-term amphetamine or cocaine abuse leads to a deterioration of the 

nervous system. The body recognizes the excessive stimulatory actions pro- 

duced by these drugs. To deal with the overstimulation, the body creates more 


Fú< CHEMICAL depressant receptor sites for neurotransmitters that inhibit nerve transmission. 
CONNECTIONS A tolerance for the drugs therefore develops. Then to receive the same stimula- 
How are any good feelings tory effect, the abuser is forced to increase the dose. And this induces the body 
you've ever had connected to to create even more depressant receptor sites. The end result over the long 
dopamine? term is that the abuser“s natural levels of dopamine and norepinephrine are 


insufficient to make up for the excessive number of depressant sites. Lasting 
personality changes are thus often observed. Addicts, even when recovered, 
often report feelings of psychological depression. 
Drug addiction is not completely understood, but scientists do know that 
é READINGCHECK 1t involves both physical and psychological dependence. Physical dependence 
is the need to continue taking the drug to avoid withdrawal symptoms. For 
amphetamines, drug withdrawal symptoms include depression, fatigue, and a 
strong desire to eat. Psychological dependence is the crzữïng to continue drug 
use. This craving may be the most serious and deep-rooted aspect of addiction. 
It can persist even after withdrawal from physical dependence, frequently lead- 
ing to renewed drug-seeking behavior. 
'To recover, it is imperative that the addict be removed from all cues that 
bring the experience of drug use to mind. This, however, is not usually possible 
as it may involve moving to a completely new social environment. 


What are the two types of dependence 
involved with drug addiction? 


CÔNG EPTCHE€CK 


What are two ways in which amphetamines and cocaine exert their effects? 


CHECK YOUR ANSWER Amphetamines and cocaine in the synaptic cleft 
both mimic the action of neurotransmitters. They also disturb the reuptake of neu- 
rotransmitters, which results in an increase in the concentration of neurotransmitters 
in the cleft. 
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Caffeine, depicted in Figure 29, is a much milder and legal stimulant. Caffeine 
facilitates the release of norepinephrine into synaptic clefts. Caffeine also exerts 
many other effects on the body, such as the dilation of arteries, relaxation of bron- 
chial and gastrointestinal muscles, and stimulation of stomach acid secretion. 

The caffeine people ingest comes from various natural sources, including 
coffee beans, teas, kola nuts, and cocoa beans. Kola nut extracts are used for 
making cola drinks, and cocoa beans (not to be confused with the cocaine- 
producing coca plant) are roasted and then ground into a paste used for mak- 
¡ng chocolate. Caffeine is relatively easy to remove from these natural products 
using high-pressure carbon dioxide, which selectively dissolves the caffeine. 
This allows the economical production of “decaffeinated“ beverages, many 
of which, however, still contain small amounts of caffeine. Interestingly, cola 
drink manufacturers use decaffeinated kola nut extract in their beverages. The 
caffeine is added in a separate step to guarantee a particular caffeine concen- 
tration. In the United States, about 2 million pounds of caffeine is added to 
soft drinks each year. Table 2 shows the caffeine content of various commercial 
products. For comparison, the maximum daily dose of caffeine tolerable by 
most adults is about 1500 milligrams. 

Nicotne 1s another legal, but far more toxic, stimulant. As noted earlier, 
tobacco plants produce nicotine as a chemical defense against insects. This 
compound is so potent that a single dose of only about 60 millipgrams is lethal. 
A single cigarette may contain up to 5 milligrams of nicotine. Most of this is 
destroyed by the heat of the burning embers, so that less than 1 millipram is 
typically inhaled by the smoker. 

Nicotine and the neurotransmitter acetylcholine, which acts on main- 
tenance neurons, have similar structures, as Figure 30 ïllustrates. Nicotine 
molecules are therefore able to bind to acetylcholine receptor sites and trigger 
many of acetylcholine's effects, including relaxation and increased digestion. 
This explains the tendency of smokers to smoke after eating meals. In addition, 
acetylcholine is used for muscle contraction, so the smoker may also experi- 
ence some muscle stimulation immediately after smoking. After these initial 
responses, however, nicotine molecules remain bound to the acetylcholine 
receptor sites. This blocks acetylcholine molecules from binding. The result is 
that the activity of these neurons is depressed. 

Recall that both maintenance neurons and stress neurons are always 
working. Thus, inhibiting the activity of one type makes the other type more 
effective. So as nicotine depresses the maintenance neurons, it favors the stress 
neurons. This raises the smoker s blood pressure and stresses the heart. 

In the brain, nicotine affects the stress system directly by enhancing the 
release Of stress neurotransmitters, such as norepinephrine. Nicotine also 
increases the levels of dopamine in the reward center. Furthermore, when 
inhaled, nicotine is a fast-acting drug. All of these factors give nicotine a high 
level of addictiveness. Animail studies show ¡inhaled nicotine to be about 


TABLE 2 Approximate Caffeine Content of Various Products 
PRODUCT CAFFEINE CONTENT 


Energy drink 100-1000 mg/cup 
Brewed coffee 100-150 mg/cup 
Instant coffee 50-100 mg/cup 
Decaffeinated coffee 2-10 mg/cup 
Black tea 50-150 mg/cup 
Cola drink 35-55 mg/12 oz 


Chocolate bar 1-2 mg/oz 


Over-the-counter stimulant 100 mg/dose 
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^ Figure 29 
A coffee plant with its ripening 
caffeine-containing beans. 
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) Figure 30 
Nicotine ¡is able to bind to receptor sites 
for acetylcholine because of structural 


similarities. 
FORYOUR 


&@ INFORMATICON 


In addition to serving as a stimulant, 
nicotine also has some analgesic 
properties, which means that it 
enhances the ability to tolerate 

pain. A structurally related analog of 
nicotine, known as epibatidine (shown 
below), is even better at producing an 
analgesic effect and has been shown 
to be over 200 times more analgesic 
than morphine. Further studies show 
that epibatidine and nicotine bind to 
a different analgesia-producing 
receptor site from that occupied by 
morphine, which means that nicotine 
analogs represent a whole new class 
of analgesics. Epibatidine is isolated 
from the skin of a poisonous frog of 
Ecuador. lts toxicity is too great to 
allow clinical applications. Medicinal 
chemists, however, are working hard 
to discover other nicotine analogs 
that have optimal analgesic effects 
with minimal toxicity and, ideally, a 
low level of addictiveness. 
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) Figure 31 


The path of tobacco 

†rom the field to a 

smoker“s lungs. About 

4ó million Americans smoke 
despite an awareness of the 
dangers of this habit. 


Tobacco field 


User 
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six times as addictive as injected heroin. Because nicotine leaves the body 
quickly, withdrawal symptoms begin about 1 hour after a ciparette is smoked, 
which means the smoker is inclined to light up frequently. 

Figure 31 shows what a smoker“s lungs look like. In the Dnited States, 
about 450,000 individuals die each year from such tobacco-related health prob- 
lems as emphysema, heart disease, and various forms of cancer, especially lung 
cancer, which is brought on primarily by tobacco”s tar component. Some relief 
from the addiction can be obtained with nicotine chewing gum and nicotine 
skin patches. In order for any method to be effective, however, the smoker must 
first genuinely want to quit smoking. 


C0 CC E6tr D6 hE 6C 


Caffeine and nicotine both add stress to the nervous system, but they do 
so by different means. Briefly describe the difference. 


CHECK YOUR ANSWER Caffeine stimulates the release of the stress neurotrans- 
mitter norepinephrine; nicotine enhances the release of norebpinephrine too, but it also 
depresses the action of the maintenance neurotransmitter acetylcholine. 


Hallucinogens and Cannabinoids Alter Perceptions 


A hallucinosen, also known as a pst/chedelic, is any drug that can alter visual 
perceptions and skew the user“s sense of time. Hallucinogens have a pro- 
nounced effect on moods, thought patterns, and behavior. Lysergic acid dieth- 
ylamide (LSD) and mescaline represent two main categories of hallucinogens. 
Cnnnabinoids, the psychoactive component of marijuana, are in a closely related 
category of drugs. Cannabinoids do not alter visual perceptions and therefore 
are not true hallucinogens. They are similar to hallucinogens in other regards, 
however, such as in their ability to alter a person“s sense of time. 


Tobacco curing on racks 


Cigarettes being manufactured 


Blackened lungs 
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LSD 1s the prototypic hallucinogen. Its molecular structure, shown ¡in 
Figure 32, ¡is very similar to that of serotonin, and this similarity permits LSD 
to activate serotonin receptors even more effectively than serotonin. It is LSID“s 
ability to interfere with serotonin“s work that causes L5D users to experience 
an altered sense of reality. Because LSD also stimulates the reward center, the 
change in sensory organization is usually, but not always, characterized as a 
favorable experience. LSD also triggers the stress neurons, resulting in enlarged 
pupils, elevated blood pressure and heart rate, nausea, and tremors. These 
stress effects can shiít the mood of an affected person to panic and anxiety. 
Because the L5D molecule is nonpolar, quantities may be trapped and hidden 
away in nonpolar fatty tissue, only to be released months later and result in a 
mild recurrence of the experience known as a flashback. 

In the early 1970s, there was a sipnificant rise in the street use of halluci- 
nogenic derivatives of the compound phenylethylamine, shown ¡in Figure 33. 
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Lysergic acid diethylamide 


^ Figure 32 

The side chain of serotonin can rotate into 

a number of conformations. Upon binding 
to a receptor site, however, the side chain 

is likely to be held in conformation 3. Note 
how the LSD molecule can be superimposed 
on structure 3. LSD may therefore be 
thought of as a modlified serotonin molecule 
in which the side chain is held in the ideal 
conformation for receptor binding. 


4 Figure 33 
Hallucinogenic derivatives of 
phenylethylamine. 
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^ Figure 34 
The peyote cactus is a source of the 
hallucinogen mescaline. 


} Figure 35 
The major psychoactive component of 
marijuana is A-tetrahydrocannabinol. 
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Initially, interest was focused on ?escaline, the hallucinogenic component of 
several species of cacti used in religious ceremonies by some Native American 
tribes in the western United States. One plant yielding this compound 1s pic- 
tured ¡in Figure 34. Synthetic derivatives, such as methylenedioxyamphetamine 
(MDA), also became popular. Unlike LSD, these hallucinogens do not exert their 
effects by binding to serotonin receptor sites. Rather, they stimulate the release 
Of excess quantities of serotonin. This pathway is not as effective as LSD⁄s direct 
approach, and as a result, these drugs are 1/200 to 1/4000 as potent as LSD. 
Because larger doses of mescaline and MDA are required, a multitude of other 
effects are seen, such as a marked stimulation of the stress neurons. In addition, 
regular use of these compounds causes withdrawal symptoms. 

Cannabinoids are the psychoactive components of marijuana, which has 
the species name Cz#0aÙis saHiua. Concentrations of cannabinoids vary greatly 
from plant to plant. The original strains of this plant species contain very little 
of these psychoactive components and have been used for many centuries for 
their great fiber qualities. Ôn average, strains of Carabis that may be smoked 
for psychoactive effects contain about 4 percent cannabinoid derivatives. The 
most active of these derivatives is the compound A7-tetrahydrocannabinol 
(THC), shown in Figure 35. 

We do not completely understand how THÍC exerts its psychoactive effect. 
In 1990, a specific receptor site for the THC molecule was discovered. A few 
years later, a peptide occurring naturally in the body was found to bind to this 
receptor and initiate marijuana-like responses. These results suggest that THC 
functions by mimicking this naturally occurring peptide. 

Most notably, cannabinoids accumulate in the area of the brain where 
short-term memories are sorted. Every experience we ever have goes through 
this center. Some things—the image of a sidewalk crack you saw on a morning 
walk, say—get thrown out. Other experiences, such as your first date, get filed 
away ïn long-term memory storage. Cannabinoids disrupt this filing system so 
that memories are not sorted appropriately. In addition, people under the influ- 
ence of cannabinoids may have a distorted sense of time and unclear thoughts. 
Another effect of cannabinoids is unrestful sleep. The brain sorts through 
memories during a phase of sleep marked by rapid eye movement (REM). 
People who smoke marijuana lose REM sleep time, which results in irritability 
the following day. Once the memory filing center is cleared of the drug, which 
may take days or even weeks, the brain makes up for lost time by having extra- 
long periods of REM. 
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Cannabinoids are also known to have a number of medicinal uses. For 
example, they reduce the symptoms of glaucoma, a disease in which there is 
a dangerous bưildup of pressure within the eyes. They also help to stimulate 
a person“s appetite, which is important for people undergoing cancer chemo- 
therapy and for those suffering from diseases such as AIDS. For these purposes, 
many states allow marijuana to be prescribed by a physician. 


CO AI C E PT CHEC€CN 


Why ¡is marijuana not consideredl a true hallucinogen? 


CHECK YOUR ANSWER The chemicals in marijuana do not significantly alter 
visual perceptions. 


Depressants Inhibit the Ability of Neurons to Conduct 
Impulses 


Depressanfs are a class of drugs that inhibit the ability of neurons to conduct 
impulses. Two commonly used depressants are ethanol and benzodiazepines. 

Elhanol, also known as ethl alcohol or simply alcohol, is by far the most 
widely used depressant. Its structure is shown in Figure 3ó. In the United States, 
about a third of the population, or about 100 million people, drink alcohol. 
lt is well established that alcohol consumption leads to about 150,000 deaths 
each year in the United States. The causes of these deaths are overdoses of 
alcohol alone, overdoses of alcohol combined with other depressants, alcohol- 
induced violent crime, cirrhosis of the liver, and alcohol-related traffic accidents. 

Benzodiazepines are a potent class of antianxiety agents. Compared to many 
other types of depressants, benzodiazepines are relatively safe and rarely pro- 
duce cardiovascular and respiratory depression. Their antianxiety effects were 
identifed by chance in 1957. During a routine laboratory cleanup, a synthe- 
sized compound that had been sitting on the shelf for two years was submitted 
for routine testing despite the fact that compounds thought to have similar 
structures had shown no promising pharmacologic activity. This particular 
compound, however, shown in Figure 37 and now knowrn as chlordiazepoxide, 
contained an unexpected seven-membered ring. Chlordiazepoxide showed 
a sipnificant calming effect in humans and by 1960 was marketed as an anti- 
anxiety agent under the trade name Libriumổ. Shortly thereafter, a derivative, 
điazepam, was found to be five to ten times more potent than Librium. In 1963, 
điazepam hit the market unđer the trade name Valiumổ. 

Alcohol and benzodiazepines exert their depressant effect primarily by 
enhancing the action of GABA. As shown in Figure 38, GABA keeps electric 
impulses from passing through a neuron by binding to a receptor site on a 
channel that penetrates the cell membrane of the neuron. Figure 38a shows that 
when GABA binds to the receptor site, the channel opens, allowing chloride ions 


CH;CH;—OH 


Ethanol 
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Alcoholic beverages seasoned in 
wooden casks, such as whiskey and 


red wines, tend to contain significant 


amounts of methanol, CH:OH, 
also known as wood  alcohol. The 
toxicity of the methanol explains 
why these beverages tend to give 


harsher hangovers after drinking too 


much. On an unrelated note, driving 
under the influence of a telephone 
conversation or text message is 
comparable to driving under the 
influence of alcohol. 


GABA wobba dool 


T†S illegal and very 
dangerous †o drive 
when your GABA 
recep†or si†es 

are highly ac†iva†ed. 


4 Figure 36 

One of the initial effects of alcohol is a 
depression of social inhibitions, which 
can serve to bolster mood. Alcohol is 
not a stimulant, however. From the first 
sip to the last, body systems are being 
depressed. 
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) Figure 37 
The benzodiazepines Librium® 
and ValiumÔ8. 


w Figure 38 

(a) When GABA binds to its receptor 

site, a channel opens to allow negatively 
charged chloride ions into the neuron. The 
high concentration of negative ions inside 
the neuron prevents the electric potential 
†rom reversing from negative to positive. 
Because that reversal is necessary if an 
impulse is to travel through a neuron, no 
impulse can move through the neuron. 
(b) Ethanol mimics GABA by binding to 
GABA receptor sites. 


GABA 
receptor site @ 
+ 


Neuron cell 
membrane 


Channel closed 


514 8) 


Medicinal Chemistry 


H 
N CH; 
N—CH; _ ` O 
N= N 
CIl Bà C†Ï =N 
6= 
Chlordiazepoxide Diazepam 
(Librium) (Valium) 


to migrate into the neuron. The resulting negative charge buildup in the neuron 
maintains the negative electric potential across the cell membrane. This inhibits 
a reversal to a positive potential and prevents an impulse from traveling along 
the neuron. (Eor clarification, review Figure 20 and the text describing it.) 

Ethanol mimics the effect of GABA by binding to GABA receptor sites. This 
allows chloride ions to enter the neuron, as shown in Eigure 38b. The effect of 
alcohol is dose-dependent, which means the greater the amount consumed, 
the greater the effect. At small concentrations, few chloride ions are permitted 
into the neuron; these low concentrations of ions decrease inhibitions, alter 
judgment, and impair muscle control. As the person continues to drink and the 
chloride ion concentration inside the neuron rises, both reflexes and conscious- 
ness diminish, eventually to the point of coma and then death. 

Recall from our discussion of cocaine and amphetamines that the body 
responds to the long-term abuse of these stimulants by creating more depressant 
receptor sites. Likewise, the body recognizes the excessive inhibitory actions 
produced by alcohol and tries to recover by increasing the number of synaptic 
receptor sites that lead to nerve excitation. In this way, an individual can develop 
a tolerance for alcohol. To receive the same inhibitory effect, the drinker is forced 
to drink more, which induces the body to create even more excitable synaptic 
receptor sites. Eventually, an excess of these excitatory receptor sites leads to 
perpetual body tremors, which can be subdued either by more drinking or, with 
greater difficulty, by a long-term cessation of alcohol consumption. 
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4 Figure 39 

The receptor sites for benzodiazepines 
are adjacent to GABA receptor sites. 

(a) Benzodiazepines cannot open the 
chloride channel on their own. (b) Rather, 
benzodiazepines help GABA in its 
channel-opening task. 


Benzodiazepine 


Figure 39 illustrates how benzodiazepines exert their depressant effects by 
binding to receptor sites located adjacentto GABA receptor sites. Benzodiazepine 
binding merely helps GABA bind. Because benzodiazepine doesn/t directly 
open chloride-ion channels, overdoses of this compound are less hazardous 
than those of many alternative depressants, making the benzodiazepines the 
drugs of choice for treating symptoms of anxiety. 
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Does the activity of a neuron increase or decrease as chloride ions are 
allowed to pass into it? 


CHECK YOUR ANSWER Chloride ions inside the neuron help to maintain the 
negative electric potential. This inhibits the neuron from being able to conduct an 
impulse (see Figure 38). Chloride ions, therefore, decrease the activity of a neuron. 


ó_ Pain Relievers Inhibit the Transmission or Perception of Pain 


EXPLAIN THIS LEARNING OBJECTIVE 


Is the placebo effect real or imagined? Compare and contrast how 


anesthetics, analgesics, and 


Physical pain is a complex body response to injury. On the cellular level, endorphins act to alleviate pain. 


pain-inducing biochemicals are rapidly synthesized at the site of injury, where 
they initiate swelling, inflammation, and other responses that get your body“s 
attention. These pain signals are sent through the nervous system to the brain, 
where the pain is perceived. Drugs act at various stages of this process to allevi- 
ate pain, as shown in Figure 40. 


4 Figure 40 
l4 Injury to tissue causes the transmission 
© of pain signals to the brain. Pain relievers 
Percepiion of poin prevent this transmission, inhibit the 
(prescriptionanolgesics) inflammatory response, or damp the 
brain“s ability to perceive the pain. 


Pros†aglandin 
syn†hesis 
(over-†he-coun†er 
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Transmission of pdin 
(anes†heTics) 
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The 19th-century chemist Felix 
Hoffmamn created aspirin, 
acetylsalicylic acid, by adding the 
acetyl functional group to salicylic 
acid. Two weeks later, he applied the 
same chemistry to morphine to create 
diacetylmorphine. The company he 
was working for, Bayer, named and 
marketed this product “heroin” for 
the “heroic” feeling it inspired in 
users. lt was erroneously advertised 
as being a nonaddictive alternative 

to morphine. More importantly, 
however, heroin is a powerful cough 
suppressant. At the time, tuberculosis 
and pneumonia were the leading 
causes of death. Heroin became 

a much welcomed medicine, as it 
allowed people sick from these 
diseases to obtain a restorative night's 
sleep. By 1913, the negative aspects 
of heroin became widely known and 
Bayer stopped producing it, focusing 
instead on selling aspirin. 
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How does a general anesthetic knock 
out pain? 


} Figure 41 

Local anesthetics have similar structural 
features, including an aromatic ring, an 
intermediate chain, and an amine group. 
Ask your dentist which ones she uses for 
your treatment. 


) Figure 42 
The chemical structures of sevoflurane and 
nitrous oxide. 
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Anesthetics prevent neurons from transmitting sensations to the brain. 
Local anesthetics are applied either topically to numb the skin or by injection to 
numb deeper tissues. These mild anesthetics are useful for minor surgical and 
dental procedures. As described earlier, cocaine was the first medically used 
local anesthetic. Others having fewer side effects soon followed, such as the 
ones shown ïn Figure 41. 

A @eneral anesthetic blocks out païn by rendering the patient unconscious. 
Diethyl ether was one of the first general anesthetics. Sevoflurane and nitrous 
oxide, shown in Figure 42, are two of the more popular øgaseous general anes- 
thetics used by anesthesiologists today. When inhaled, these compounds enter 
the bloodstream and are distributed throughout the body. At certain blood 
concentrations, øeneral anesthetics render the individual unconscious, which 
1s useful for invasive surgery. General anesthesia must be monitored very care- 
fully, however, to avoid a major shutdown of the nervous system and conse- 
quent death. 
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Analgesics are a class of drugs that help us to tolerate pain with- 
out abolishing nerve sensations. Over-the-counter analgesics, such as aspi- 
rin, ibuprofen, and acetaminophen, inhibit the formation of prosfaslandins. 
As Figure 43 illustrates, prostaglandins are biochemicals the body quickly 
synthesizes to generate pain signals. These analgesics also reduce fever, because 
of the role prostaglandins play in raising body temperature. In addition to 
reducing pain and fever, aspirin and ibuprofen act as anti-inflammatory agents, 
because they block the formation of a certain type of prostaglandin responsible 
for inflammation. Acetaminophen does not act on inflammation. These three 
analgesics are shown in Figure 44. 

The more potent opioid analgesics—morphine, codeine, and heroin (see 
Figure 1)—moderate the brain's perception of pain by binding to receptor sites 
on neurons ïn the central nervous system, which includes the brain and spinal 
column. Initial discovery of these receptor sites raised the question of why they 
exist. At the time, some hypothesized that opioids mimic the action of a natu- 
rally occurring brain chemical. Eødorphins, a group of large biomolecules that 
have strong opioid activity, were subsequently isolated from brain tissue. It has 
been suggested that endorphins evolved as a means of suppressing awareness 
of pain that would otherwise be incapacitating in life-threatening situations. 
The “runner“s high” experienced by many athletes after a vigorous workout is 
caused by endorphins. 


Sharp object 


OH 


OH 


Plasma Arachidonic acid 
membrane 


(a) Enzyme 


Over-the-counter 
analgesic bound 
†o enzyme 


No prostaglandin 


(b) 


^ Figure 43 

(a) Prostaglandins, which cause pain signals to be sent to the brain, are synthesized in response 
to injury. The starting material for all prostaglandins is arachidonic acid, which is found in 

the membranes of al| cells. Arachidonic acid is transformed to prostaglandins with the help 

of an enzyme. There are a variety of prostaglandins, each having its own effect, but all have 

a chemical structure resembling the one shown here. (b) Analgesics inhibit the synthesis of 
prostaglandins by binding to the arachidonic acid receptor site. With no prostaglandins, no 
pain signals are generated. 
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) Figure 44 

Aspirin and ibuprofen block the formation 
of the prostaglandins responsible for pain, 
fever, and inflammation. Acetaminophen 
only blocks the formation of the prosta- 
glandins responsible for pain and fever. 


FORYOUR 


®) INFORMATION 


Oxycodone and hydrocodone are two 
derivatives of morphine available by 
prescription for pain management. 
According to the Centers for Disease 
Control and Prevention, abuse of 
these prescription painkillers is a fast- 
growing epidemic currently resulting 
in more than 15,000 deaths in the 
United States each year. That makes 
these agents the second-leading 
cause of injury death after motor 
vehicle crashes. 
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Aspirin lbuprofen Acetaminophen 


(Advil°, Motrin®) (Tylenol®, Datril°) 


Endorphins are also implicated in the placebo cffect, in which patients 
experience a reduction in pain after taking what they believe is a drug but is 
actually a sugar pill. (A placebo 1s any inactive substance used as a control in 
a scientific experiment.) Through the placebo effect, it is the patients belief 
in the effectiveness of a medicine rather than the medicine itself that leads 
to pain relief. The involvement of endorphins in the placebo effect has been 
demonstrated by replacing the sugar pills with drugs that block opioids or 
endorphins from binding to their receptor sites. Under these circumstances, 
the placebo effect vanishes. 

In addition to acting as analgesics, opioids can induce euphoria, which is 
why they are so frequently abused. With repeated use, individuals develop 
a tolerance to these drugs: they must take larger and larger doses to achieve 
the same effect. Abusers also become physically dependent on opioids, 
which means they must continue to take them to avoid severe withdrawal 
symptoms, such as chills, sweating, stiffness, abdominal cramps, vomiting, 
weight loss, and anxiety. Interestingly, when opioids are used primarily for 
pain relief rather than for pleasure, the withdrawal symptoms are much 
less dramatic—especially when the patient does not know he has been on 
these drugs. 


(G2 () |N| (|5 |Ƒ Jl (6 [n| |¬ (6 |,< 
Distinguish between an anesthetic and an analgesic. 


CHECK YOUR ANSWER An anesthetic blocks pain signals from reaching the 
brain. An analgesic facilitates the ability to manage pain signals once they are received 
by the brain. 
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Methadone Methadone/Morphine 


The most widely used approach to treating opioid addiction is methadone 
maintenance. Alefhadơne, shown in Figure 45, is a synthetic opioid derivative 
that has most of the effects of other opioids, including euphoria, but differs in 
that it retains much of its activity when taken orally. This means that doses are 
very easy to control and monitor. The withdrawal symptoms of methadone 
are also far less severe, and the addict may be slowly weaned off the opioid 
without excessive stress. An addict may be freed of physical dependence in a 
matter of months. The psychological dependence, however, usually persists 
throughout the individual“s life, which is why the relapse rate is so high. 


7 Medicines for the Heart 


EXPLAIN THIS 
How do cows get their cholesterol? 


Heart disease is any condition that diminishes the hearts ability to pưmp blood. 
A common heart disease is ørferroscleros¡s, a buildup of plaque on the inside walls 
Of arteries. Plaque deposifs are primarily an accumulation of low-density lipopro- 
teins, which are high in cholesterol and saturated fats. Plaque-filled arteries are 
less elastic and have a decreased volume, as shown in Figure 4ó. Both of these 
effects make pumping blood more difficult, and the heart becomes overworked 
and weakens. Accumulated damage to heart muscle from arteriosclerosis or other 
stresses can result in abnormal heart rhythms, known as ørrhytlrmins. Chest pains, 
known as ø1ema, result from an insufficient oxygen supply to heart muscles. 
Ultimately, the weakened heart does not adequately circulate blood to the body. 
People with heart disease have decreased stamina and frequently need to pause 
to catch their breath during or after exercise. 

Another danger of arteriosclerosis ¡is the potential for a blood clot 
around the site of plaque formation. Such a clot can break off and be 
carried through the bloodstream until it clogs a blood vessel, effec- 
tively cutting off the blood supply to tissue, which then begins to die. 


Constricted 


Plaque blood flow 


Normal artery 


Plaque-filled artery 
Normal blood flow 


4 Figure 45 

The structure of methadone (black) 
superimposed on that of morphine (blue 
and black). 


LEARNING OBJECTIV 


Describe how statins, vasodlilators, 
beta blockers, and calcium channel 
blockers help to protect the heart. 


` Figure 4ó 
The heart has to work harder to push 


blood through vessels narrowed by plaque 


deposits. Furthermore, inflammation 


around the plaque can lead to the forma- 


tion of heart-attack-causing blood clots. 
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How do vasodilators increase blood 
supply? 


)} Figure 47 
The vasodilators nitroglycerin and 
amyl nitrite. 
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A heart attack occurs when the dying tissue is heart muscle. Some heart attacks 
progress slowly, allowing the victim time to seek medical assistance, which 
may involve the administration of a quick-acting clot-dissolving enzyme. Other 
heart attacks are more rapid, killing the vicim within minutes. Surviving a 
heart attack means living with a heart weakened by dead tissue. 

The most effective way to treat heart disease is to do what can be done to pre- 
vent it rom happening ïn the first place. This includes avoiding stress; exercising 
regularly; and eating a well-balanced, low-cholesterol diet. For many people, 
however, such a healthy lifestyle does little to lower their blood cholesterol levels, 
because their livers naturally produce more cholesterol than they obtain from 
their diet. For such people, physicians can prescribe what are known as sÍ“f1ns, 
which are drugs that inhibit the synthesis of cholesterol. Two popular statins are 
atorvastatin (Lipitor), which is a synthetic drug, and lovastatin (Mevacor), 
which is a natural product isolated from the fungus Asereillus terreus. 

Vasodilafors are a class of drugs that increase the blood supply to the heart 
by expanding blood vessels. They are tuseful for treating angina. They also 
reduce the workload of the heart, because opening up the blood vessels makes 
pumping the blood easier. Traditional vasodilators include nitroglycerin and 
amyl nitrite, both shown in Figure 47. They can be administered by a number of 
routes: orally or sublingually (under the tongue) or as a transdermal (through 
the skin) patch. A benefit of the latter two approaches ¡s that they allow the 
drug to enter the body slowly, in contrast to the effect of taking the drug orally 
or by injecton. These organic nitrates are metabolized to nitric oxide, NO, 
which has been shown to relax muscles in blood vessels. 

Drugs that relax the pumping action of the heart have also been developed. 
'When bound to receptor sites called beta-adrenoceptors in heart muscle, the neu- 
rotransmitters norepinephrine and epinephrine stimulate the heart to beat faster. 
A series of drugs called befa blockers slow down and relax an overworked heart by 
blocking norepinephrine and epinephrine from binding to the beta-adrenoceptors. 
Propanolol (Inderalể), shown in Figure 48, was the first beta blocker developed 
and is useful for treating angina, arrhythmias, and high blood pressure. 

Another group of drugs that relax heart muscle are the calcium channel block- 
ers. One example is nifedipine, shown in FEigure 48. Muscle contraction is initi- 
ated as a nerve impulse signals calcium ions to enter muscle cells. As their name 
implies, calciam channel blockers inhibit the flow of calcium Ions into muscles, 
thereby inhibiting muscle contraction. This slows the heart rate, relaxing and 
dilating the muscles of blood vessels, which lowers blood pressure. 

In the United States and in most other developed nations, heart disease is 
the number-one cause of death for individuals over the age of 65. Because most 
people in these nations live past this age, heart disease is actually the leading 
cause of death for all aøe groups combined, as noted in Table 3. 
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CO NCEPTCHECK 


Why do long-time alcoholics require greater doses of a beta blocker in 
order to relax cardiac muscle? 


CHECK YOUR ANSWER As discussed in Section 5, long-time excessive drinking 
leads to an increase in the number of receptor sites for stress neurotransmitters. With 
more of these receptor sites to block, alcoholics require a correspondlingly greater 
dose of the beta blocker to achieve the desired degree of cardiac relaxation. 


Perhaps nowhere is the impact of chemistry on society more evident than in 
the development of drugs. ©n the whole, they have increased our life span and 
improved our quality of living. They have also presented us with a number of 
ethical and social questions. How do we care for an increasing elderly population? 
What drugs, if any, should be legally permissible for recreational use? How do we 
deal with addictive drug use—as a crime, as a disease, or both? As we continue to 
learn more about ourselves and our ills, we can be sure that more powerful drugs 
willbecome available. All drugs, however, carry certain risks that we should recog- 
rze. As most physicians would point out, drugs offer many benefits, but they are 
no substitute for a healthy lifestyle and preventive approaches to medicine. 


TABLE 3 Causes of Death in the United States 
AGE GROUP (YEARS) CAUSE TOP TEN CAUSES, ALL AGES COMBINED 


15-24 Accident . Heart disease 


25-44 HIV infection . Cancer 


45-64 Cancer . Stroke 
>ó5 Heart disease . Lung disease 

. Accidents 

. Diabetes 

. Alzheimer“s disease 


. Influenza/pneumonia 


CÝG))( (asj| =3 Qojý( Kn|l( ác. tj| Jp9j 


. Kidney disease 


10. Sepsis 


4 Figure 48 
Propranolol is a beta blocker, and 
nifedipine is a calcium channel blocker. 


Remember, seven 
days wi†hou† 
exercise mokes 
one weokl 
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Chapter RCVICW 


LEARNING OBJECTIVES 


Classify drugs by their origin and describe the synergistic 
effect. (1) 

Describe the lock-and-key model and explain how this 
model is used in the development of new medicines. (2) 


— Ouestions 1—3, 2ó, 27, 31-34, 71, 75 


— Ouestions 4-5, 35—39 


Describe how chemotherapy protects us from bacterial and 


viral infections as well as cancer. (3) 


Summarize how a nerve impulse travels along a neuron 


and across the synapse to an adjacent neuron using 
neurotransmitters. (4) 


— Ouestions ó-9, 29, 40-45 


— Ouestions 10-13, 25, 4é-52 


Describe how stimulants, hallucinogens, and depressants work and 


the problems that occur with the abuse of these chemicals. (5) = 


Compare and contrast how anesthetics, analgesics, and 


endorphins act to alleviate pain. (ó) 


Ouestions 14-17, 30, 53-ó2, 72-74 


=3 Ouestions 18-21, 28, óá3-óZ7 


Describe how statins, vasodlilators, beta blockers, and calcium 


channel blockers help to protect the heart. (7) 


SUMMARY OF TERMS 


Agonist A molecule that binds to a receptor site and initiates 
a biological effect. 

Analgesic A drug that allows us to tolerate pain without abol- 
ishing nerve sensations. 

Anesthetic A drug that prevents neurons from transmitting 
sensations to the brain. 


Antagonist A molecule that binds to a receptor site and does 
not initiate a biological effect except that it blocks other 
active molecules from binding to the receptor site. 

Chemotherapy The use of drugs to destroy pathogens without 
destroying the animal host. 

Combinatorial chemistry A laboratory approach intended to 
mimic natures chemical diversity by taking advantage 
of the many different ways in which a series of reacting 
chemicals can be combined. 

Lock-and-key model A model based upon the idea that there 
1s a connection between a drugˆs chemical structure and its 
biological effect. 


READING CHECK OUESTIONS 


1 Medicines Are Drugs That Benefit the Body 


(KNOWLEDGE) 


1. What are the three origins of drugs? 
2. Are a drug“s side effects necessarily bad? 
3. What is the synergistic effect? 


2 The Lock-and-Key Model Guides the Synthesis of 
New Medicines 


4. In the lock-and-key model, is a drug viewed as the lock or 
the key? 
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—  Questions 22-24, ó8-70 


Neuron A specialized cell capable of sending and receiving 
electric impulses. 


Neurotransmitter An organic compound released by a neuron and 
capable of activating receptor sites within an adjacent neuron. 


Physical dependence A dependence characterized by the need 
to continue taking a drug to avoid withdrawal symptoms. 


Psychoactive drug A drug that affects the mind or behavior. 
Psychological dependence A deep-rooted craving for a drug. 


Reuptake A mechanism whereby a presynaptic neuron absorbs 
neurotransmitters from the synaptic cleft for reuse. 

Synaptic cleft A narrow gap across which neurotransmitters 
pass either from one neuron to the next or from a neuron 
to a muscle or gland. 


Synergistic effect One drug enhancing the effect of another. 


(COMPREHENSION) 


5. What holds a drug to its receptor site? 


3 Chemotherapy Cures the Host by Killing the Disease 


ó. Why do bacteria need PABA but humans can do without it? 
7. How does penicillin G cure bacterial infections? 
8. When ¡s chemotherapy most effective against cancer? 


9. How does methotrexate work? 


Medicinal Chemistry 


4 The Nervous System ls a Network of Neurons 


10. What are the symptoms that a person“s stress neurons 
have been activated? 


11. What are some of the processes occurring in the body when 
maintenance neurons are more active than stress neurons? 


12. What neurotransmitter is known for its strong activity in 
the brain“s reward center? 


13. What is the role of GABA in the nervous system? 


5 Psychoactive Drugs Alter the Mind or Behavior 


14. What neurotransmitter does nicotine mimic? 
15. What drugs enhance the action of GABA? 
1ó. What is neurotransmitter reuptake? 

17. Which neurotransmitter does LSD mimic? 


6 Pain Relievers Inhibit the Transmission or 
Perception of Pain 


18. What is an anesthetic? 
19. What is an analgesic? 
20. Where are the major opioid receptor sites located? 


21. What biochemical is thought to be responsible for the 
placebo effect? 


7 Medicines for the Heart 


22. What is angina? What is its cause? 


23. What role does nitrogen oxide play ¡in the treatment of 
angina? 


24. How does a vasodilator reduce the workload on the heart? 


CONFIRM THE CHEMISTRY (HANDS-ON APPLICATION) 


25. Nerve impulses travel at speeds of up to 100 meters per 
second, but neurotransmitters travel across the synaptic 
cleft at a much slower 0.00001 meter per second. Why so 
slow? Once the neurotransmitters are released into the 
cleft, no “magnet“ forces them quickly to the opposite 
side. Instead, they are prodded to the other side merely by 
the random bumping of Jiggling molecules in the cleft—a 
process known as điƒƒusion. 


Molecules slow down with decreasing temperature. 
The effect of temperature on diffusion can be readily seen 
by adding food coloring to water. Fill one glass with the 
1ce-cold water, one with the warm water, and one with 
the hot water. Allow the glasses of water to stand for a 
couple of minutes so that the water is perfectly still. Add a 
đrop of food coloring to each glass. The drop will sink to 
the bottom and then begin to diffuse. Observe how long 
it takes the water to become uniformly colored. Use your 
observations to suggest why cold-blooded animals become 
sluggish at colder temperatures. 


THINK AND COMPARE (ANALYSIS) 


27. Rank the following from least ideal to most ideal places 
for you to throw away your expired medicines: 


a. the toilet 
b. the trash can 
c. your local pharmacy 


28. Rank in order of increasing addictive qualities: 


a. benzodiazepines 


THINK AND EXPLAIN (SYNTHESIS) 


1 Medicines Are Drugs That Benefit the Body 


31. Why are organic chemicals so suitable for making drugs? 

32. Aspirin can cure a headache, but when you pop an 
aspirin tablet, how does the aspirin know to øgo to your 
aching head rather than your throbbing toe? 


— — 


2ó. Medicines are organic chemicals that tend to deteriorate 
over time, especially when subjected to warm and moist 
conditions, such as that found in a bathroom medicine 
cabinet. This is why medicines come with expiration dates. 
After such a date, although the medicine might look fine, 
much of it has chemically transformed into a variety of 
decomposition products. Besides the medicine being less 
effective, some of the decomposition products might be 
harmful. What might be an ideal place to store your medi- 
cines? Expired medicines are no longer effective, and they 
are often found by children. For those reasons, consider 
throwing away your expired medicines. 


b. nicotine 
c. heroin 


29. Rank in order of increasing size: 


a. animal cell b. bacterium C. VIFUS 


30. Rank in order of its ability to fit within the serotonin 
Teceptor site: 


a. serotonin s2, IIE1D) @ IHnEC 


33. When is a drug overdose most likely to happen? 
34. When might two drugs taken together not exert a 


synergistic effect? 
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2 The Lock-and-Key Model Guides the Synthesis 
of New Medicines 


35. What advantages are there to synthesizing a naturally 
Occurring medicine, such as Taxolổ, in the laboratory 
rather than isolating it from nature? 

3ó. How is the laboratory method called combinatorial 
chemistry similar to the search for drugs in nature? 

37. Which is better for you: a drug that is a natural product or 
a drug that is synthetic? 


38. Classify each of the following drugs as an agonist or 


antagonlst: 
a. sulfanilamide b. THC 
c. nelfinavir d. ethanol 


e. Gleevec® 


f. ibuprofen 
39. Classify each of the following drugs as an agonist 


Or antagonIst: 


a. amphetamine b. morphine 
c. nicotine d. atorvastatin 
e. LSD f. propanolol 


3 Chemotherapy Cures the Host by Killing the Disease 


40. How does chemotherapy work to fight a disease or infection? 


41. How do some molds or fungi protect themselves 
from bacterial infections? 


42. Why is cancer treated most successfully in its earliest stages? 


43. Would formulating a sulfa drug with PABA be likely to 
increase or decrease its antibacterial properties? 


44. Why do protease inhibitors work so well when used in 
conjunction with antiviral nucleosides? 


45. Why do some antiviral agents exhibit anticancer activity? 


4 The Nervous System ls a Network of Neurons 


4ó. What flushes back into a neuron as a nerve impulse 
pAsses through the neuron? 


47. What is the main đifference between stress neurons and 
maintenance neurons? 


48. Compared to direct connections between neurons, what is 
an advantage of synaptic clefts? 


49. How is dopamine connected to the amino acid tyrosine? 


S0. What amino acid does the body likely use to create 
Serotonin? 

S1. What functional group do you add to dopamine to make 
norepinephrine? 

52. Phenylethylamine is a neurotransmitter implicated in the 
sensation of being in love for the first time. It looks like 
dopamine, but with no oxygen atoms. Draw the structure. 


5 Psychoactive Drugs Alter the Mind or Behavior 


THINK AND DISCUSS 


71. Medicines such as pain relievers and antidepressants 
are being found in the drinking water supplies of many 


municipalities. How địd these medicines get there? Does 
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(EVALUATION) 


53. How is psychological dependence distinguished from 
physical dependence? 

54. What symptoms show that a person“s stress neurons have 
been activated? 

55. Why do so many stimulant drugs result in a depressed 
state in a person after an initial high? 

Só. How is a drug addicts addiction similar to the need for 
food? How 1s it different? 

57. Nicotine solutions are available from lawn and garden 
stores as an insecticide. Why must gardeners handle this 
product with extreme care? 

58. Seeds of the morning glory plant contain the natural 
product lysergic acid, and yet they are only marginally 
hallucinogenic. Why? 

59. Suggest why withdrawal symptoms are observed after a per- 
son“s repeated use of MIDA but not after repeated use of LSD. 

60. Why do heavy drinkers have a greater tolerance for alcohol? 

ó1. An excess of which of the neurotransmitters discussed in this 
chapter would most likely hinder your ability to perform a 
complicated physical performance, such as a ballet dance? 

62. One of the active components of marijuana, 
A2-tetrahydrocannabinol, is available as a prescription 
drug under the trade name Marinol®, which is taken 
orally. What advantage and disadvantage does Marinol® 
hold for a person suffering from nausea? 


6 Pain Relievers Inhibit the Transmission or Perception 
of Pain 


63. A variety of gaseous compounds behave as general anes- 
thetics even though their structures have very little in 
common. Does this support the role of a receptor site for 
their mode of action? 

64. How might the structure of benzocaine be modified to 
create a compound having greater anesthetic properties? 

ó5. Atone time, halothane, CH;CHErC], was widely used as a 
general anesthetic. Suggest why its use is now banned. 

6ó. Which is the more appropriate statement: opioids have 
endorphin activity, or endorphins have opioid activity? 
Explain your answer. 

67. Why ¡s methadone not very useful in the treatment of 
cocaine addiction? 


7 Medicines for the Heart 


68. What problems are associated with a buildup of 
plaque on the inner walls of blood vessels? 


69. Distinguish between a beta blocker and a calcium channel 
blocker. 


70. A person may feel more relaxed after smoking a cigarette, 
but her heart is actually stressed. Why? 


it matter that they are there? Should something be done 
about 1t? If so, what? 


Medicinal Chemistry 


72. Alcohol-free and caffeine-free beverages have been 
quite successful in the marketplace, while nicotine-free 
tobacco products have yet to be introduced. Speculate 
about possible reasons. 


73. Would making tobacco illegal help or hurt people trying 
to kick the habit of using tobacco products such as ciga- 
rettes? What unintended consequences might arise from 


the prohibition of tobacco? How can society best convince 


people not to pick up the tobacco habit? 


READINESS ASSURANCE TEST 


]Ƒ uou haue a qood handle ơn thís chapter, then you should be able to 
score at leqst 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistr.com. lƒ you score less tham 7, you need 
to stid ƒurther beƒ0re 1m00ïng 0n. 


Choose the BEST answer to the following. 
1. Which statement is true about a medicine? 

a. Itis a drug that provides a euphoric effect. 
.‹ lItis a drug that kills bacteria. 


lt is a drug that is isolated from a plant. 


O n 


- ltis a drug that has therapeutic properties. 
e. None of the above. 
2. Which of these would be an example of a synergistic effect? 


a. Penicillin kills both infectious and beneficial bacteria 
1n the intestine. 


b. Antidepressants and cold medicine together can lead 
tO S€1ZUT€S. 


c. Caffeine suppresses the appetite and causes the jitters. 
d. Aspirin reduces fever and thins the blood. 
e. None of the above. 

3. The side effects of drugs are 


a. a multiplying effect seen in a drug due to other inter- 
actions. 


b. a beneficial aspect of a drug that has not been exploited. 


c. any behavior of a drug that is opposite its primary 
function. 


d. any behavior of a drug that is not fulfilling its pri- 
mary function. 


e. none of the above. 
4. Which would not be part of the drug discovery process? 
a. Examining folklore for herbs and potions 


b. Changing an old drug a little and testing the new 
drug for activity 


c. Learning the exact shape of various receptor sites 
d. Randomly testing new compounds for drug activity 
e. All of the above 


5. What is the main difference between bacteria and humans 
that gives sulfa drugs their antibacterial properties? 


a. Bacteria cells can readily absorb sulfa drugs; human 
cells cannot. 


74. Why might someone find it more challenging to take 


75. 


(RAT) 


a drug for a mental illness than a drug that targets a 
physical illness? 

Should you be permitted access to any medicine that 
might save your life? What if you had no health 
1nsurance and could not afford the medicine? What 
1f you were a homeless person living on the streets? 
What should be the moral, social, and economic 
responsibilities of a company that develops and 
produces medicines? 


b. Human cells can readily absorb sulfa drugs; bacteria 
cells cannot. 


c. Bacteria cells can readily absorb folic acid; human 
cells cannot. 


d. Human cells can readily absorb folic acid; bacteria 
cells cannot. 


e. None of the above. 


. How is a set of neurons different from a wire conductor? 


a. The wire can carry more information. 

b. Neurons do not need to physically touch to conduct. 
c. Only the wire conducts electricity. 

d. Two of the above are correct. 
e 


. AlI of the above are correct. 


- What is taking place in the synaptic cleft? 


. Receptor sites are forming due to neuron activity. 
- Negative ions are accumulating due to neuron firing. 
. 5odium ions are øgenerating charge. 


- Neurotransmitters are diffusing between the cells. 


QJ ích (@} lop ĐÓ) 


- None of the above. 


- Which of these neurotransmitters would most likely help 


you avoid a car accident? 
a. dopamine b. norepinephrine 
c. acetylcholine d. GABA 


e. serotonin 


.- Physical pain may involve 


a. the synthesis of chemicals at the site of injury. 
b. nerve impulses. 

c. a sensation perceived in the brain. 

d. inflammation. 


e. all of the above. 


10. How do over-the-counter analgesics such as aspirin work? 


a. They block nerve impulses. 
. They alter the perception of pain in the brain. 
They block the production of pain-producing chemicals. 
. All of the above. 
- None of the above. 


® 0n ơ 
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Confextual ChemniStrV 


4A SPOILIGHT ON ISSUES LACING OUH MOIDEHRN SOCIELTY 


The Genetics of Muscle Fitness 


here are three tybes of mus- 
| cles: smooth, cardiac, and 
skeletal. Smooth muscles help 
move food and  certain fluids through 
your body. Cardiac muscles pump 
blood through your heart. Skeletal 
muscles attach to your bones. They 
allow you to run; dance; lit; turn; 
and, in general, move through your 
environmernt. Physical fitness involves 
resilience in all muscle types. For this 
essay, however, our focus will be on 
the more physically apparent skeletal 
muscles, which can account for up to 
40 percent of your total mass. 
Muscle tissue ¡is energetically 
expensive to maintain. Even at rest, 
your skeletal muscles consume about 
25 percent of your energy. Thus, ït 
is not in your body's interest to have 
more muscle mass than it needs. For 
this reason, our muscles adapt. lf we 
exercise a lot, our muscles become 
bigger and stronger. Conversely, mus- 
cles wither away without exercise—a 
fully immobilized muscle loses about 
one-third of its mass within weeks. 
From personal experience, we know 
that muscles are responsive to use. 
But how ¡is this accomplished? Why 
do your muscles get stronger when 
you exercise and get weaker when 
you dont? The answer is that exer- 
cise involves more than your muscles. 
When you exercise, you are aÌso exer- 
cising your DNA. 

DNA holds the information for 
how to build proteins. This includes all 
the proteins associated with building 
your muscles, of which there are two 
kinds. First, there are the proteins that 
actually become part of your muscles. 
Second, there are “regulator” pro- 
teins that serve to direct the build- 
¡ng of your muscles. These regulator 
proteins act like managers at a con- 
struction site, in that they determine 
when building should speed up or 
slow down. lf DNA gets a signal that 
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more muscle mass is needed, it cre- 
ates more regulator proteins that are 
designed to speed up muscle protein 
synthesis where needed. Likewise, 
 DNA gets a sional that muscle 
production needs to slow down, 
it creates more regulator proteins 
designed to ¡nhibit muscle protein 
synthesis. So DNA ïs the master con- 
troller. lt actually produces hundreds 
of different muscle regulator proteins, 
and each one has a specific purpose. 

Regulator proteins also play a role 
in how mụch energy is made available 
to muscles. An example is the GLUT 
regulator protein, which sits on the 
surface of muscle tissue. lts function is 
to pull glucose, an energy-rich sugar 
molecule, from the bloodstream and 
into the muscle. You always have 
some GLUT proteins to enable 
muscle movement. As you exercise, 
however, you stimulate your DNA to 
create more of these proteins. A sin- 
gle decent exercise routine causes a 
significant increase in GLUT proteins. 
What this means ¡s that your muscles 
can now pull glucose more efficiently 


out of your bloodstream, even while 
you are at rest. lÍ you were to eat a 
potato, your blood sugar level would 
not rise as much as it would have if 
you hadn't exercised. 

GLUT proteins generally degrade 
after 24 hours. With continued exer- 
cise, your DNA replenishes the GLUT 
proteins, and eventually an optimal 
number of them are retained. lf you 
were to stop exercising, their posi- 
tive effects would naturally fade away 
within a day or two. With no exercise 
over many years, your DNA becomes 
inefficient at producing GLUT pro- 
teins. The result is often unusually 
high blood  sugar levels and a disease 
called type 2 diabetes. 

Most of the energy used 
by your cells comes from a high- 
energy molecule known as ATP. 
ATP ¡s produced using energy that 
comes from the oxidation of food. 
This occurs in small cellular organ- 
elles called mitochondria. How effi- 
cient mitochondria are at producing 
ATP ¡is a function of the number of 


regulator proteins they contain. So 
what produces these regulator pro- 
teins? Your DNA. What happens when 
you exercise? You stimulate your DNA 
to make more of these regulator 
proteins within mitochondhria; hence, 
more ATP becomes available to your 
cells, including your muscle cells. lt 
takes about a week for the number 
of these regulator proteins to double. 
After about a month of regular exer- 
cise, you reach a plateau. ln everyday 
language you would say you are “in 
shape.” What you really mean, how- 
ever, is that your DNA ¡s ïn shape, 
because ït is now producing an opti- 
mai number of regulatory proteins 
that produce an optimal amount of 
ATP so that you are fit to perform 
physically demanding tasks, such as 
running a marathon. So what happens 
when you dont exercise? ATP pro- 
duction is minimized, and the energy 
of food is directed to the production 
of eneroy-storage tissues such as fat. 
Why does the body produce fat? So 
that the precious energy it contains 
might be available for labor-intensive 
activities at a later date, when food 
may not be so abundant. 

Our bodles are smart, but the rules 
of the game have recently changed. 
For many thousandls of years, we relied 
on our DNA-mediated performance 
mechanisms to allow us to hunt, 
gather, and grow food; to build shel- 
ters; and to walk long distances. These 
are all labor-intensive activities. lt has 
only been within the last 100 years that 
such activities have become mecha- 
nized. We walk much less because 
we have cars. We gather mụuch less of 
our own food because we have gro- 
cery stores. The Centers for Disease 
Control and Prevention have noted 
a growing increase in obesity that 
coincides with the rise in sedentary 
lifestyles. While obesity can be traced 
to the intake of food as well as the 
quality of that food, another half of the 
equation often gets neglected, which 
is exercise. Qur bodlies are designed 
to be physically active. Harm comes to 
us when we neglect this calling. 


Muscle Doping 
Our knowledge of DNA ¡is recent, 
but we are well on our way to 
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learning how to control and tin- 
ker with its mechanisms. The lGF-| 
regulator protein speeds up muscle- 
building processes. To build bigger 
and stronger muscle tissue, why 
don't we simply inject IGF-l into our 
muscles? This doesn't work because 
the lGF-l dissipates within hours. 
What is needed is a continual source 
of IGF-lI. Towardl this end, research- 
ers have successfully implanted the 
DNA that codes for lGF-l within 
the muscles of rats, which, without 
exercise, develop up to 30 percent 
more muscle mass. With exercise, 
the genetically “doped“ muscles of 
these “super rats” become nearly 
†wice as strong. 

The insertion of DNA ïinto a person 
to allow the creation of certain pro- 
teins is known as gene therapy. The 
idea of gene therapy was dreamed up 
soon after the discovery of the struc- 
ture of DNA in the 1950s. Although 
the idea ¡is straightforward, ït is only 
within the past decade, after years of 
intensive basic research, that success 
is starting to be realized. Muscle- 
enhancement gene therapy is poised 
to become one of the first gene 
therapies to be made available to 
the general population. Such therapy 
holds great promise for the treatment 
of muscular dystrophy, as well as for 
the treatment of muscle weakness 
that comes with age. But it also raises 
a number of interesting questions. 
How safe ¡is the procedure? Might 
such therapy lead to cancer? Are the 
inherent risks worth the benefits? Will 
we be more or less likely to exercise 
after having our muscles doped with 
muscle-strengthening DNA? Should 
athletes be allowed to genetically 
dope their muscles for better perfor- 
mance? How about military person- 
nel? The ethical issues surrounding 
genetic enhancement are many and 
complex. 


CONCEPTCHECK 


What do 7 days without exercise 
make? 


CHECK YOUR ANSWER Seven 
days without exercise makes one 
weak. Got it? Good. Now get to it. 


Think and Discuss 


LỄ 


Should athletes be allowed to 
genetically dope their muscles 
for better performance? lf so, 
should there be two sets of 
Olympics, one for the doped 
and another for the nondoped? 
Many Olympians may already 
benefit from natural mutations 
that enhance their performance. 
Why not level the playing field 
by making such enhancements 
available to all athletes? 


A new line of drugs known as 
nootropics are being developed 
to helbp us learn. Consider the 
social implications. What parallels 
might there be between sports- 
enhancing drugs and these 
intelligence-enhancing drugs? lí 
these drugs are foundl to be safe, 
should they be available only by 
prescription? lf they are found 
to be unsafe, should they be 
banned or should they be con- 
trolled, like alcohol and tobacco? 


Gene therapy is not passed along 
to ofspring because it does not 
affect the reproductive cells. For 
an individual, however, a single 
dose may last a lifetime. So what 
restrictions should be placed on 
muscle-enhancement gene dop- 
ing? Should ít be allowed only for 
the treatment of medical condi- 
tions? Should ít be made avail- 
able only to people over the 
aqge of 21? 


Might gene therapy ever become 
as routine as vaccinations? By 
when? What might be some 
social or political hurdles to the 
acceptance of such therapies? 


How much money would you be 
willing to pay for effective muscle- 
enhancement gene therapy? 


Muscle-enhancement gene ther- 
apy also interferes with fat depo- 
sition. How might the food 
industry respond to a population 
of consumers who could eat all 
they wanted and still remain trim 
without exercising much? 
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Solutions to Odd-Numbered Chapter Ouestions 


1. Drugs originate from plants or animals or are synthesized. 


3. When one drug enhances the effect of another, it is called a 
synergistic effect. 


5. Intermolecular attractions such as hydrogen bonding hold a 
drug to its receptor site. 


7. Penicillin G ¡inhibits the growth of bacterial colonies by 
binding to receptor sites that the bacteria need for building their 
cell walls. 


9. Methotrexate interferes with the cancer cell“s metabolism by 
binding to the dihydrofolic acid receptor site. 


11. Maintenance neuronsare responsible for digestion,intestinal 
muscle function, better vision, and heart rate maintenance. 


13. GABA inhibits the output of nerve impulses. 
15. Alcohol and benzodiazepines affect the action of GABA. 
17. LSID mimics serotonin. 


19. Analgesics enhance our ability to tolerate pain without 
abolishing nerve sensations. 


21. Endorphines are thought to be responsible for the placebo 
effect. 


23. Nitrogenoxide, NO,¡s the metabolic product of vasodilators, 
which relax muscles found within blood vessels. 


25. Because molecules slow down with decreasing temperature, 
the rate at which neurotransmitters diffuse across the synaptic 
cleft decreases with temperature. This is one of the reasons 
cold-blooded animals become slugsgish at colder temperatures. 
As neurotransmitters take longer to diffuse across the synaptic 
cleft, the rate at which nerve signals reach target muscles sÏows 
down. 

When outside ¡in the cold without adequate clothing, you 
may find your extremities becoming numb and your muscles 
sluggish. This isnft Just because of a decrease in the rate of 
diffusion in your synaptic clefts. Your body responds to cold by 
diverting blood from your extremities to your internal organs. 
The speed of neuron transmission, however, depends on blood 
supply. As the blood supply diminishes, neurons lose out on 
needed oxygen; thus, nutrients begin to shut down. The result is 
a numbing effect or loss of muscle control. An ice pack applied 
to an injury, such as a sprained ankle, puts this principle to good 
use. The same thing happens to your foot after youve been 
sitting on it for too long and it “goes to sleep.” 
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27. The least ideal place to throw away your expired medicines 
1s the toilet because it places your medicines in water systems 
that usually lead to the environment. Note that waste treatment 
facilities are not equipped to remove pharmaceuticals, many 
of which end up in people/s drinking water. Throwing away 
your medicines with solid waste is a bit safer, but rain passing 
through waste disposal sites leach these pharmaceuticals into 
groundwater. The ideal method of disposal is to take your 
expired medicines to a pharmacist or a hospital; each has the 
means of treating the expired medicine as a hazardous waste. 


29. In order of increasing size: c<b <a 


31. It ¡is the vast diversity of organic chemicals that permits the 
manufacture of the many different types of medicines needed to 
match the many different types of illnesses. 


33. A drug overdose is most likely when two drugs with 
overlapping effects are taken at the same time. One of the most 
dangerous combinations of sedatives is with alcohol. 


35. In synthesizing the natural product in the laboratory, the 
chemist is able to create closely related compounds that may 
have even greater medicinal properties. Also, synthesizing a 
natural product can be advantageous when the source of the 
natural product is rare and thus not readily available. 


37. Whether a drug is isolated from nature or synthesized in 
the laboratory makes no difference with respect to “how good it 
may be for you.” A multitude of natural products are harmful, 
just as many synthetic drugs are harmful. The effectiveness of a 
drug depends on its chemical structure, not its sOurce. 


39.(a) amphetamine (agonist) (b) morphine (agonist) 
(c) nicotine (agonist) (d) atorvastatin (antagonist) (e) LSD 
(agonist) (f) propanolol (antagonist) 


41. These molds and fungi produce chemicals that inhibit the 
bacterium“s ability to maintain its cell wall. Ũpon exposure to 
these chemicals, the cell wall ruptures and the bacterium dies. 
We can isolate these mold- and fungi-produced chemicals, 
called antibiotics, and use them as protection against bacteria. 


43. Sulfa drugs are transformed ¡into sulfanilamide, which 
binds to the PABA receptor site on an enzyme that bacteria 
use to produce folic acid, a vital nutrient. In this sense, the 
sulfanilamide “competes“ with the PABA for the receptor site 
and ¡is thus said to be an inhibitor. lfí PABA were provided 
along with the sulfa drug, there would be a greater chance that 
PABA, not the sulfanilamide, would bind first, thus helping the 
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bacteria to produce the folic acid that they need. Formulating 
PABA with a sulfa drug, therefore, is likely to decrease its 
antibacterial properties. 


45. Certain antiviral agents work by upsetting the virus 
genetic mechanisms and thereby killing the virus. Certain 
anticancer agents work by upsetting the genetic mechanism of 
a cancer cell and thereby killing the cancer cell. Antiviral agents 
that exhibit anticancer activity are able to upset the genetic 
mechanisms of both viruses and cancer celÌs. 


47. The main difference between stress and maintenance 
neurons is the neurotransmitters they produce. Stress neurons 
use neurotransmitters such as norepinephrine. Maintenance 
neurons produce neurotransmitters such as acetylcholine. 


49. Add another hydroxyl group to the benzene ring of 
tyrosine; then take away the carboxylic acid. You now have the 
structure of dopamine. Interestingly, the amino acid tyrosine is 
the starting material the body uses to produce dopamine. 


51. The hydroxyl proup must be added to dopamine to make 
norepinephrine. sing enzymes, this is, in fact, how the body 
creates norepinephrine. 


53. Physical dependence involves physical symptoms such 
as depression, fatigue, and a desire to eat. Psychological 
dependence symptoms can exist long after the physical 
symptoms have disappeared and can lead to renewed drug- 
seeking behavior. 


55. Many stimulant drugs work by blocking the reuptake 
of excitatory neurotransmitters. Irapped ¡nside the synaptic 
cleft, these neurotransmitters are decomposed by enzymes. 
By the time the reuptake is no longer blocked by the drug, few 
neurotransmitters are left to be reabsorbed by the presynaptic 
neuron, which by this pointis also deprived ofneurotransmitters. 
With a lack of neurotransmitters, little communication takes 
place between neurons, which has the effect of making the drug 
user depressed. 


57. Gardeners must exercise extreme care when using solutions 
of nicotine because nicotine is poisonous to humans. 


59. The effective dose of MDA is many times greater than the 
effective dose of LSD. In other words, while MIDA ¡is taken 
by the milligram, LSD is taken by the microgram. Because so 
much of the MIDA ¡s taken, negative side effects are more likely 
to appear. 

The workings of drug withdrawal, however, are quite 
complex. Consider the following: A coffee drinker gets a 
headache when he or she stops drinking coffee. However, as 
a side effect of the caffeine ¡in the coffee, a headache results, 
caused by a đilation of blood vessels. Over time, the coffee 
đrinker s body becomes accustomed to this đilation to the poïnt 
that it is able to counteract the dilation by applying a force that 
causes constriction. When coffee is no longer consumed, the 
body doesnt know to stop counteracting the dilation. Blood 
vessels, therefore, become overly constricted, and that gives rise 
to a headache, which prompts the coffee drinker to drink more 
coffee. 

Likewise, with repeated use of MIDA, the body develops a 
tolerance to its side effects. Upon stopping the use of MA, the 
body is stll working hard to tolerate the drug. Thus, it is the 
body“s own counteraction to the drug that drives the uiser to 
continue using MDA. Its a vicious cycle driven by some very 
real chemistry. 


61. An excess of any of the neurotransmitters discussed in this 
chapter has the potential to throw you off balance and hurt your 
performance. But when it comes to a physical performance, 
the GABA neurotransmitter would most quickly hinder your 
coordination. 


63. Recall that a molecule must have a certain structure in order 
to be able to bind to a receptor site. The fact that the structures 
of these general anesthetics have very little in common suggests 
that no specific structure is responsible for the general anesthetic 
effect and, furthermore, that there is no specific receptor site on 
which they are acting. 


65. Halothane, CF:CHrCI, is a chlorofluorocarbon, which, 
has been banned because of the potential danger it poses to 
stratospheric ozone. 


67. The cocaine addict's body is accustomed to a particular kind 
of hiph, which is stimulatory. After long-term use, the cocaine 
addicfs body responds by building receptor sites that are 
depressive in nature to counteract the effect of the stimulation. 
Upon withdrawal, the body seeks stimulation to balance the 
depression the addict is experiencing. Methadone provides 
only a depression of nerve signals, which is the opposite effect 
of what the cocaine addict is seeking. Thus, this decreases the 
chance that the cocaine addict will stick with a methadone 
maintenance program, which should be reserved strictly for 
opioid addiction. For a cocaine addict, cessation of all cocaine 
use, a healthy program of exercise, counseling, and comrade 
support would be a far better approach. 


69. Beta blockers block norepinephrine and epinephrine from 
binding to beta-adrenoceptors and a calcium channel blocker 
inhibits the flow of calcium Ions into muscles. Both slow down 
and relax the heart. 


Z1. Many medicines are flushed down drains or toilets directly 
or after they have passed through the human body into the urine. 
These drugs end up in downstream water supplies. By the time 
they reach the downstream consumer, their concentration is at a 
relatively low level. But this level is easily measured. Perhaps of 
greatest concern is the effect these low doses will have over the 
long term. Drinking a single glass of drug-tainted water might 
not have a noticeable effect. But what if this water is consumed 
by an individual over his or her lifetime? 


73. People would continue to smoke even if tobacco were 
prohibited. A black market would be established. The 
g8overnment would then need to spend billions of dollars to 
combat this black market. Prisons would become even more 
crowded because of the prohibition of many recreational drugs. 
There“s a strong case to be made that educating people about the 
hazards of drugs and helping users to escape the grip of drugs 
provides the best long-term solution to any drug problem. 


75. The moral, social,and economic responsibility of any person 
or any corporation is to provide assistance to others to the best 
of its abilities. A huge part of the success of the human species 
has come from our ability to work together and help each other 
in times of need. Life is tough. But when we stick together, we 
can do amazing things. An overpopulation of humans, however, 
provides a challenge. 
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Opfimizinø Foodl Production 


From Chapter 15 of Cơnceptual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^- Genetically engineered golden rice provides nutrients 
that help prevent blindness. 
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Humans Eat at All Trophic Levels 
Plants Require Nutrients 


Soil Fertility ls Determined by 
Soil Structure and Nutrient 
Retention 


Natural and Synthetic Fertilizers 
Help Restore Soil Fertility 


Pesticides Kill Insects, Weeds, 
and Fungi 


There ls Much to Learn from Past 
Aoricultural Practices 


High Aoricultural Yields Can Be 
Sustained with Proper Practices 


OptimiizinøØ FOood 
PrOdUCfiOn 


THE MAIN IDEA 


Aoriculture employs much chemistry. 


countries become irreversibly blind because of a 

deficiency of vitamin A. In an effort to stop this 
tragedy, scientists created a new strain of rice genetically 
engineered to produce the orange pigment beta-carotene, 
which the body uses to make vitamin A. The amount of 
beta-carotene ïn this rice gives the rice a golden hue. 

Developing a new strain of a crop to meet our 
nutritional needs is nothing new. Most of our major crops 
are the result of centuries, 1f not millennia, of selecfiue 
breedins, a process whereby organisms that offer more 
value are selectively bred over ones of less value. What 
1s đifferent about golden rice is that it was created over a 
single generation by inserting genes from a daffodil and a 
bacterium into the DNA of a strain of rice. 

Provided here is a showcase of the chemistry involved 
in the production of food, primarily the food derived from 
plants, which feeds both us and our livestock. Along the 
way, you will be introduced to many of the fundamental 
concepts of agriculture, such as soil composition, 
fertilizers, pesticides, and transgenic crops such as 
golden rice. 


E-” year, about 500,000 children in developing 
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Cleaning Your Insects 


Perhaps the most environmentally 
friendÌy insecticides are solutions of 
soap or detergent. lnsects are per- 
forated with tiny holes, called spir- 
acles, through which atmospheric 
oxygen migrates directly into cells. 
These holes are easily penetrated by 
liquid soap or detergent, which then 
blocks the exchange of atmospheric 
gases and suffocates the insect. ln 
general, the larger the insect, the 
more concentrated a soap solution 
needs to be in order to kill the insect 
efficiently. A dilute soap solution, 

for example, will quickly annihilate 
aphids, but only a relatively concen- 
trated one will kilÍ cockroaches. 


PROCEDURE 


se a measuring spoon to create 
soap solutions of various concentra- 
tions. Use non-bacteriocidal soap to 
minimize harm to beneficial bacteria 
in the soil. Stir your solutions gently 
to avoid excessive foaming. Pour 
each solution into a pump spray 


1k Humans Eat at All Trophic Levels 


EXPLAIN THIS 
Why are fossils of the Tyrannosaurus rex so rare? 


The formation of food begins with phofosynthesis, the biochemical process used 
by plants to create carbohydrates and oxygen from solar energy, water, and 
atmospheric carbon dioxide: 


6 CO; + 6 HạO Sunlieht C¿H:;O,s + 6 O; 
Carbon Water Carbohydrate Oxygen 
dioxide 


Each day, only about 1 percent of the solar energy reaching the Earth“s 
surface is used in photosynthesis. On a global scale, this is enough to produce 
170 billion tons of organic material per year. The energy content in this amount 
Of organic matter ¡is the total annual energy budget for virtually all living 
Organisms. 

The route food energy takes throupgh a community of organisms is deter- 
mined by the community“s trophic structure, which is the pattern of feeding 
relationships in the community. Trophic structures, also known as ƒood chaïns, 
consist of a number of hierarchical levels, shown in Figure 1. The first trophic 
level is producers, most of which are photosynthetic organisms that use light 
energy to power the synthesis of organic compounds. Plants are the main 
producers on land. In water, the main producers are photosynthetic organisms 
known as ph†oplankton (phụ†o- means “plant”). 


bottle and write the concentration 

(in teaspoons per cup, say) on each 
bottle. Test the effectiveness of each 
solution on an infested plant. Follow 
with a spray of fresh water to remove 
any residual soap from the plant. 


ANALYZE AND CONCLUDE 


1. What are some of the advantages 
and disadvantages of using soap 
rather than a commercial insecti- 
cide to kill insects? 

2. During the time of the dinosaurs, 
the bu of oxygen in the 
Earths atmosphere was much 

greater than it is today. What 

effect might this have had on the 
potential size of insects? 


LEARNING OBJECTIVE 


Describe the flow of energy and 
nutrients between trophic levels. 
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& INFORMATION 


Off the coast of Newfoundland, 
Canada, the ocean remains relatively 
shallow for hundreds of miles in an 
area known as the Canadian Grand 
Banks. For centuries, the Grand 
Banks have been known for thriving 
fish populations, especially cod, a 
tertiary consumer with a life span of 
about 25 years. The cod were once 
so plentiful that boats had trouble 
pushing through them. By the 

1980s, overfishing had removed 

the bulk of sexually mature adults. 
Furthermore, trawling of the floor 

of the Grand Banks destroyed vital 
habitats. By 1993, the cod were 
depleted to the point that the fishery 
industry there collapsed, throwing 
some 40,000 people out of work. 

A moratorium on cod fishing remains 
in effect, but cod stocks have yet to 
recover. A similar situation is now 
Occurring in the North Sea of Europe. 


ï..... ‹< 


What happens to an organism that dies 
and is not eaten? 


^ Figure 2 
Most people are primary consumers, with 
a diet consisting primarily of grains. 
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Quaternary 
consumers 


Tertiary 
consumers 


Secondary 
consumers 


Primary 
consumers 


Producers 


ATERRESTRIAL 
TROPHIC STRUCTURE 


A MARINE 
TROPHIC STRUCTURE 


^ Figure † 

Terrestrial and marine trophic structures. Energy and nutrients pass through the trophic levels 
when one organism feeds on another. The shaded blocks represent the amount of energy 
transferred from one trophic level to the next. 


Producers support all other trophic levels, collectively called consumers. 
Organisms that consume producers are Ø7? consumers. In terrestrial 
environments, these are herbiuores (“grass-eaters”), such as grazing mammals, 
most insects, and most birds. The primary consumers in aquatic environments 
are the many microscopic organisms collectively known as z0oplankton. 
Above the primary consumers, the trophic levels are made Of cñ711700f€§ 
(“meat-eaters”), each level eating consumers from lower levels. Secondary 
consumers eat primary consumers, tertiary consumers eat secondary con- 
sumers, and quaternary consumers eat tertiary consumers. Any organism 
that dies before being eaten becomes subject to the action of decomposers, 
Organisms that break down organic material into simpler substances that 
then act as soil nutrients. Common decomposers are earthworms, insects, 
fungi, and microorganisms. 

With each transfer of energy from one trophic level to the next, there is a 
significant loss of energy. Typically, not more than 10 percent of the energy con- 
tained in the organic material of one trophic level is incorporated into the next 
higher level. The availability of food energy is therefore greatest for the organ- 
isms lowest on the food chain. A grasshopper, for example, will find many 
more blades of grass to feed on than a field mouse will find grasshoppers. And 
the field mouse will find more grasshoppers than a snake will find field mice. 
This dwindling supply of food resources quickly limits the number of trophic 
levels, which rarely exceeds the quaternary level. Accordingly, the higher the 
trophic level, the smaller the possible population of organisms. 

'We humans eat at all trophic levels. When we eat such things as fruits, veg- 
etables, or the grains shown in Figure 2, we are primary consumers; when we 
eat beef or other meat from herbivores, we are secondary consumers. When we 
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eat fish such as trout or salmon, which eat insects and other small animals, we are 
tertiary or quaternary consumers. Qur great and growing numbers, however, are 
possible only because of our ability to eat as primary consumers. 

Eating meat is a luxury. For the people who will eat the chickens shown in 
Figure 3, for instance, the amount of biochemical energy they will obtain from 
eating the chickens is minuscule compared with the amount of biochemical 
energy used in raising the chickens. In the United States, more than 70 percent 
Of grain production is fed to livestock. Producing meat therefore requires that 
more land be cultivated, more water be used for irrigation, and more fertilizers 
and pesticides be applied to croplands. If people in the United States ate 10 
percent less meat, the savings in resources could feed 100 million people. As the 
human population expands, meat consumption will likely become even more 
of a luxury than it is today. 


CÚ CC ETETDCHECK 


The orca (killer whale) eats both sharks and phytoplankton-feeding gray 
whales. In which case is the orca eating at a higher trophic level? 


CHECK YOUR ANSWER Sharks feed on fish and marine mammals, which make 
them secondary, tertiary, or quaternary consumers. Phytoplankton-feeding gray 
whales, however, are primary consumers. When an orca feeds on a shark, it is eating at 
a higher trophic level than when it feeds on a gray whale. 


2 Plants Require Nutrients 


EXPLAIN THIS 
Why is the ratio of sodium to potassium ions greater in the oceans than on land? 


Plant material consists primarily of carbohydrates, which are made of the ele- 
ments carbon, oxygen, and hydrogen. Plants get these three elements from car- 
bon dioxide and water, but the soil in which the plants live also provides many 
other elements vital to their survival and good health. Table 1 lists these nutri- 
ents as ?0croufrienfs, those nutrients needed ¡n large quantities, and 7cront- 
trienis, those nutrients needed only in trace quantities. Some micronutrients are 
needed in such trace quantities that a plant“s lifetime supply is provided by the 
seed from which the plant grew. 


Plants Utilize Nitrogen, Phosphorus, and Potassium 


Plants need nitrogen to bưild proteins and a variety of other biomolecules, 
such as chlorophyll, the green pipgment responsible for photosynthesis. As 
Table 1 shows, plants are able to absorb nitrogen from the soil in the form of 
ammonium ions, NH¿*, and nitrate ions, NO:.. Figure 4 shows the natural 
Sources of nitrogen for a plant. The two reactons shown there are examples 
of nitrogen fxation, which is defined as any chemical reaction that converts 
atmospheric nitrogen to a form of nitrogen that plants can use. The two most 
common forms are ammonium ions and nitrate ions. 

Most of the ammonium iIons in soil come from nitrogen fixation carried out 
either by bacteria living in the soil or by microorganisms living in root nodules 
Of certain plants, especially those of the legume family, including clover, alfalfa, 
beans, and peas (plants generally called r6roeen ƒixers). These microorganisms 
possess the enzyme 1froeenase, which catalyzes the formation of ammonium ions 
from atmospheric nitrogen and soil-bound hydrogen ions, as Figure 4a shows. 


^ Figure 3 

In affluent countries, eating meat is quite 
common. In the United States, for exam- 
ple, chickens outnumber people 44 to 1. 


LEARNING OBJECTIV 


Distinguish between the macro- and 


micronutrients neededl by plants. 
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TABLE 1 Essential Elements for Most Plants 
ELEMENT FORM AVAILABLE TO PLANTS 
Macronutrients 
Nitrogen,N NOx_, NHạ” 


Potassium, K léc 


Calcium, Ca Ca2* 


Magnesium, Mg MgZ* 


Phosphorus, P HạPO,2~, HPO/2~ 
Sulfur, S 
Micronutrients 
Chlorine, Cl 

lron, Fe 

Boron, B 
Manganese, Mn 
Zinc, Zn 

Copper, Cu 
Molybdenum, Mo 


„1 và? " Nitrogenase 4 
lÏ “ e 


Kế sọ N;+8H†+ 6c” 2NH¿† 
(a) 


và? Lightning 


N;+3O; SE 2e_ 2NO;- 


(b) 


^ Figure 4 
Two pathways for nitrogen fixation, a source of nitrogen for plants. (a) Both free-living bacteria in the soil and microorganisms in root nodules 
produce ammonium ions. (b) Lightning provides the energy needed to form nitrate ions from atmospheric nitrogen. 
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NÑitrogen fixation also results to a lesser extent from the action of lightning 
on atmospheric nitrogen, as Eigure 4b shows. The high energy of the lightning 
1s sufficient to initiate the oxidization of atmospheric nitrogen to nitrate lons, 
which are then washed into the soil by raïn. 

In a natural setting, nitrogen fixation is the original source of ammonium 
and nitrate ions in the soil. Most of this fixed nitrogen, however, is recycled 
from one organism to the next. After a plant dies, for example, bacterial decom- 
position of the plant releases ammonium and nitrate ions back into the soil, 
where these ions become available to plants that are still living. 


(Œ (@Ø} |NÌ (Œ; I5 lP 1 (G [nail |3 (G6 le 
Why are the seeds of nitrogen-fixing plants such as soybeans and peanuts 
unusually high in protein? 


CHECK YOUR ANSWER_ Plants use nitrogen to build proteins. Nitrogen-fixing 
plants assimilate a lot of nitrogen, so they produce proteins in large quantities. 


Plants deficient in nitrogen have stunted growth. Because nitrogen is 
needed for making chlorophyll, another symptom of nitrogen deficiency in 
plants is yellow leaves, as Figure 5a shows. The yellowing is most pronounced 
in older leaves—younger ones remain green longer, because soluble forms of 
nitrogen are transported to them from older dying leaves. 

Plants need phosphorus to build nucleic acids, phospholipids, and a vari- 
ety Of energy-carrying biomolecules such as ATP. All phosphorus comes to 
plants in the form of phosphate ions. The major natural source of these ions 
is eroded phosphate-containing rock. Significant amounts of phosphates are 
also recycled as organisms die and become incorporated into the soil. After 
nitrogen, phosphorus is most often the limiting element in soil. Phosphorus- 
deficient plants are stunted, as Figure 5b shows. 

Potassium ions activate many of the enzymes essential to photosynthesis 
and respiration. As with phosphates, the major natural sources of potassium 
ions are eroded rock and the recycling of potassium lons from decomposing 
plant material. After nitrogen and phosphorus, soils are usually most defi- 
cient in potassium. Symptoms of potassium deficiency include small areas of 
dead tissue, usually along leaf tips or edges, as shown in Figure 5c. As with 
nitrogen and phosphorus, potassium Ions are easily redistributed from mature 
to younger parts of the plant, so deficiency symptoms first appear on older 
leaves. When cereal grains, such as wheat or corn, are potassium-deficient, 


FORYOUR 
INFORMATION 


Plants readily absorb potassium ions, 
but they have a low tolerance for 
sodium ions, which they actively pump 
out of their systems. lnterestingly, 

all living cells, not just plant cells, 
have a low tolerance for sodium 

ions and therefore have evolved 
mechanisms for pumping them out. 
A neuron pumping out sodium ions 
sets the stage for a nerve impulse. 
Multiple nerve impulses ultimately 
lead to conscious thought. From a 
macroscopic perspective, plants and 
animals are significantly different. 

On a deeper submicroscopic level, 
however, their chemistries are much 
the same. In other words, plants and 
animals are more closely related than 
one might initially think. 


"M...-.. 


What macronutrients do plants need for 
making chlorophyll? 


^ Figure 5 

(a) The leaves of nitrogen-deficient plants turn yellow prematurely. (b) Phosphorus deficiencies 
are marked by stunted growth. (c) The leaves of potassium-deficient plants develop dead areas, 
here seen as the pale yellow region along the leaf perimeter. 
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`» Figure ó 
Magnesium ions in the green pigment 
chlorophyll are vital to photosynthesis. 
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they develop weak stalks and their roots become more easily infected with 
rooft-rotting organisms. These two factors cause potassium-deficient plants to 
be easily bent to the ground by wind, raïn, or snow. 


Plants Also Utilize Calcium, Magnesium, and Sulfur 


Both calcium and magnesium are absorbed by plants as the positively charged 
calcium and magnesium ions, Ca”*and Mg””, respectively, and sulfur is 
absorbed as the negatively charged sulfate ion, SO,””. Most topsoils contain 
enough of these ions for adequate plant growth. 

Calcium ions are essential for building cell walls. Once absorbed by the 
plant, calcium ions are relatively immobile; that is, they do not travel well 
from one part of the plant to another. The plant therefore is not very capable of 
reallocating calcium supplies in times of need. This is why new-growth zones, 
such as the tips of roots and stems, are most susceptible to calcium deficiencies. 
The results are twisted and deformed growth patterns. 

Magnesium ions are essential for the formation of chlorophyll, which ¡s the 
øreen-pigmented molecule essential for photosynthesis. Chlorophyll houses a 
magnesium ion at the center of a structure called a porphyrin ring, as shown in 
Figure ó. Besides its presence in chlorophyll, magnesium is essential because it 
activates many metabolic enzymes. Deficiencies in magnesium, which are rare, 
result in yellow leaves, because the plant is unable to generate chlorophyll. 

Most of the sulfur in plants occurs in proteins, especially in the amino acids 
cysteine and methionine. Another essential compound that contains sulfur is 
coenzyme À, a compound essential for respiration, for the synthesis and break- 
down of fatty acids, and for the vitamins thiamine and biotin. Sulfur can be 
absorbed by leaves as gaseous sulfur dioxide, SO;, an environmental pollutant 
released from active volcanoes and from the burning of wood or fossil fuels. 


CO MNCETFPITGHECK 


Plants require more calcium and magnesium than phosphorus and potas- 
sium, yet deficiencies of calcium and magnesium are much more infre- 
quent than deficiencies of phosphorus and potassium. How can this be? 


CHECK YOUR ANSWER The potential for nutrient deficiency depends not 
only on the amount of nutrient needed but also on the nutrient's availability. Calcium 
and magnesium are abundant in most soils, but phosphorus and potassium are not. 
Deficiencies of phosphorus and potassium therefore tend to be more frequent. 


Porphyrin ring 
system of chlorophyll 
molecule 
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3 Soil Fertility ls Determinedl by Soil Structure and Nutrient Retention 


EXPLAIN THIS 
Why don t leaves accumulate beneath a tree that loses its leaves every year? 


Soil is a mixture of sand, silt, and clay. All three of these components are 
ground-up rock; the differences are in how finely the particles are ground. Sand 
pArticles are the largest, and clay particles are the smallest. 

Soil often occurs as a series of horizontal layers called soil horizons, 
shown ïn Figure 7. The deepest horizon, which lies just above solid rock, is the 
substratn, which is rockjust beginning to be disintegrated into soil by the action 
of water that has seeped down to this level. No growing plant material is found 
in the substratum. Above the substratum is the sbsơi!, which consists mostly 
of clay. Only the deepest roots penetrate into the subsoil, which may be up to 
1 meter thick. Above the subsoil is the foøsơ!, which lies on the surface and 
varies in thickness from a few centimeters to 2 meters. The topsoil usually 
contains sand, silt, and clay in about equal amounts. This is the horizon where 
the roots of plants absorb most of their nutrients. 

Fertile topsoil is a mixture of at least four components—mineral particles, 
water, air, and organic matter. The mineral particles are the particles of sand, 
silt, and clay. Many of the nutrients that plants need are released as these 
particles are formed from the erosion of rock. The size of the particles greatly 
affects soil fertility. Large particles result in porous soil that has many pockets 
of space that collect water and air—up to 25 percent of the volume of fertile 
topsoil consists of pockets. Roots absorb water and the oxygen from the air in 
these pockets. Small particles pack tightly together so that no or only very few 
air pockets are present, and as a result, little or no oxygen or water is available 
to roots. This is why plants do not grow well in clay soils. Figure 8 compares 
these two extremes of sOIl. 

The organic matter in topsoil is a mixture of fallen plant material, the remains 
o£ dead animals, and such decomposers as bacteria and fungi, as Figure 9 illus- 
trates. This organic matter is called humus, and it is rích in a variety of plant 
nutrients. Humus tends to be porous, øiving roots access to subterranean water 
and oxygen. lt also binds the soil, helping to prevent erosion. 

The flow of water through soil is called ercolafion. The more porous the soil, 
the greater the rate of percolation. With excessive percolation, flowing water 
removes many water-soluble nutrients needed to make the soil productive. 


Topsoil 


Subsoil 


Substratum 


LEARNING OBJECTIV 


ldentify what makes for healthy soil. 


¬-. - 


Fertile topsoil is a mixture of what 
four components? 


4 Figure 7 
The vertical structure of soil is a series of 
layers called soil horizons. 
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Porous soil Nonporous soil 


Space collects 
water and air 


^ Figure 8 
Large soil particles create larger pockets of 
space than do smaller soil particles. 


H 
⁄ 
©O=C=QO + O —> 
\ 
H 
Carbon dioxide Water 


Surface litter: 
fallen leaves, 


partially decomposed 
Organic matter 


Topsoil: 
Organic 


living organisms, 
rock particles 


) Figure 9 
Organic matter and  living organisms are 
important components of topsoil. 
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This process is known as /eachime. With too little percolation, topsoil becomes 
waterlogged, choking off a plants supply of oxygen. Soils with optimal percola- 
tion drain water from all but the smallest air pockets. 


Soil Readily Retains Positively Charged lons 


Mineral particles play an important role in keeping nutrients in soil. As 
Table 1 shows, many plant nutrients are positively charged ions. The sur- 
faces of most mineral particles, however, are negatively charged. Figure 10 
ilustrates how the resulting ionic attractions help keep nutrients from being 
washed away. The degree of nutrient retention is most pronounced in clay soils, 
because its mineral particles are the smallest and thus have the largest surface 
area relative to volume. 

Decaying matter in humus contains many carboxylic acid and phenolic 
øroups, which at a typical soil pH are ionized to negatively charged carboxyl- 
ate and phenolate Ions. So, like mineral particles, humus helps retain positively 
charged nutrients. 


CONCEPTCGHECK 


Soil is able to retain ammonium ions, NH¿, better than nitrate ions, 
NO¿-. Why? 


CHECK YOUR ANSWER Mineral particles and bits of humus in soil are negatively 
charged and therefore hold on to positively charged ammonium ions but repel negatively 
charged nitrate ions. 


The pH of soil is largely a function of the amount of carbon dioxide present. 
Carbon dioxide reacts with water to form carbonic acid, which in turn forms 
hydronium l1ons: 


Ï Ï 
H 
C / M# 
“⁄ 
HO `OH + d ——> HO ”O- + H,O* 
H 
Carbonic acid Water Bicarbonate ion Hydronium ion 


Ants break up and 
aerate soil. 


Earthworms break up 
and aerate soil. 


Fungi decompose 


matter, Organic matter. 


Bacteria decompose 
Organic matter. 


Bacteria fix nitrogen. 
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Positively charged 
nutrient ions 


Phenolate 


^ Figure 10 
The negatively charged surfaces of soil mineral particles and humus help retain positively 
charged nutrient ions. 


The greater the amount of carbon đioxiđe in soil, the more hydronium Ions, 
and so the lower the pH. Soil that has a low pH is referred to as sơur. (Many 
acidic foods, such as lemons, are characteristically sour.) Two main sources 
of soil carbon đioxide are humus and plant roots. The humus releases carbon 
dioxide as it decays, and plant roots release carbon dioxide as a product of cel- 
lular respiration. A healthy soil may have enough carbon dioxide released from 
these processes to give a pH range from about 4 to 7. If the soil becomes too 
acidic, a weak base, such as calcium carbonate (known as lime or limestone), 
can be added. 

Hydronium 1ons are able to displace nutrient ions held to mineral particles 
and humus. Plants use this fact to great advantage. Figure 11 illustrates how 
a plant releases carbon dioxide through its root system and in doing so gener- 
ates nutrient-displacing hydronium 1ons. The displaced nutrients, no longer 
attached to soil particles, thus become available to the plant. 


CÔ NCGEPTCHECGK 


How might a below-normal pH ïn soil lead to nutrient deficiencies in 
plants? 


CHECK YOUR ANSWER_ When the soil pH ¡is below normal, the water in the soi 
pockets contains an abundance of hydronium ions, which displace large numbers of 
nutrient ions from soil and humus particles. Most of these nutrients wash away before 
the plant is able to absorb them. In a short time, the soils are depleted of nutrients and 
the plants become nutrient-deficient. 
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@) CO; reacts 


with H;O, 
forming . 
njf@@_, ... 


CO; 
@) Root releases CO. 


^ Figure 11 


By releasing carbon dioxide, a plant guarantees a steady flow of nutrients from the soil to its roots. 


@®) H;CO: reacts with HạO, 
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forming HCOa~ and H;O”Ÿ. 


4) HOT displaces nutrient 
ion (KỲ shown), which is 
then available to root. #À 


ðè=“ 


4 Natural and Synthetic Fertilizers Helb Restore Soil Fertility 


LEARNING OBJECTIVE 


Describe the origins of straight and 
mixed fertilizers. 


_Ö`Ô 


Most ammonia used today as fertilizer 
is made from what process? 
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EXPLAIN THIS 
Do the roots of a plant need air? 


As a soil loses its plant nutrients to harvested crops and to leaching, it loses 
its fertility. Farmers amend soil by adding ƒerfilizers, which are replacement 
sources for these lost nutrients. Naturally occurring fertilizers are compost and 
minerals. Compost ¡is decayed organic matter, which can be animal manure, 
food scraps, or plant material. Mineral fertilizers are mined. Saltpeter, NaNO¿, 
for example, was once used extensively as a source of nitrogen, but by the late 
1800s, the supply of this nitrogen-containing mineral was almost exhausted. 
A new source of nitrogen for fertilizers came along in 1913, when Fritz Haber 
(1868-1934), a German chemist, developed a process for producing ammonia 
from hydrogen and atmospheric nitrogen: 


N 3 SẼ 3 H; = 2 NHạ 
Nitrogen Hydrogen Ammonia 


This technique is now the primary means of producing ammonia, which can be 
stored in high-pressure tanks as a liquid and injected into the soil. Alternatively, 
the ammonia can be converted to a water-soluble salt, such as ammonium 
nitrate, NHưNG», that is then applied to the soil either as a solid or in solution. 
The mining of other nutrients, such as phosphorus and potassium, still remains 
an important endeavor. 

In times past, mineral fertilizers were used just as they came from the 
ground. Today, however, chemists have learned how to mix and match min- 
erals to obtain many different formulations, each suitable for a different soil 
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problem or the specific requirements of a particular plant. All these formulated 
mineral fertilizers are referred to as chemmicallU mmanuƒnctired ƒerHilizers or, more 
frequently, sựnthetic ƒertilizers. Dormt take the word sựnthetic literally, though, 
because except for what is produced by the Haber reaction, all the minerals in 
synthetic fertilizers originally came from the ground. 

A fertilizer that contains only one nutrient ¡s called a straight fertilizer. 
Ammonium nitrate, NHaNÓ, is an example of a straight fertilizer, yielding only 
nitrogen. Any fertilizer containing a mixture of the three most essential nutrients 
(nitrogen, phosphorus, and potassium) is called either a cơmplete ƒerHlizer or a 
mixed fertilizer. All mixed fertilizers are graded by the N-P-K system, which 
lists the percent of nitrogen (N), phosphorus (P), and potassium (K) they contain, 
as Figure 12 shows. A typical mixed fertilizer might be graded 6-12-12. A typical 
compost, by contrast, might be rated anywhere from 0.5-0.5-0.5 to 4-4-4. Compost 
Ñ-P-K ratings are much lower because of their high percentage of organic bulk. 
Thịis organic bulk helps to keep the soil loose for aeration, however, and serves as 
food for beneficial organisms that live ín the soil. Because of the negative electric 
charges it carries, the organic bulk also attracts positively charged nutrient ions, 
which are then not so readily leached away. 

The effect that nitrogen-containing synthetic fertilizers can have on yields 
1s significant. It requires a lot of energy to mine and refine synthetic fertilizers, 
however, so they are expensive. For example, of the total energy required to 
produce corn ¡in the Dnited States, at least one-third ¡s needed to produce, 
transport, and apply the fertilizer. Nevertheless, synthetic fertilizers are widely 
used, and our present food supply depends on them. 


CO MCGEPTCHECGK 


Which N-P-K rating would you expect for coffee grounds, which contain sig- 
nificant quantities of the alkaloid caffeine: 2-0.3-0.2, 0.3-2-0.2, or 0.3-0.2-2? 


Ọ CHạ 

Voi Am 
HT 
o2 N 


CH; 
Caffeine 


CHECK YOUR ANSWER The fact that caffeine ¡is a nitrogen-containing compound 
means that coffee grounds must contain a relatively high proportion of nitrogen, as is 
indicated by their N-P-K rating of 2-0.3-0.2. 


^ Figure 12 


Fertilizers are rated by the percentages of nitrogen, phosphorus, and potassium they contain. 


CHEMICAL 
CONNECTIONS 


How is a steak dinner 
connected to the atmosphere? 
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LEARNING OBJECTIVE 


Describe the benefits and risks 
of insecticides, herbicides, and 


fungicides. 
FORYOUR 
INFORMATION 


Many nations still rely on DDT as an 
economical method of controlling 
insects that carry human diseases. DDT 
can be most effective in this manner, 
but not without consequences. Ín 
Malaysia, for example, thatched roofs 
were once sprayed with DDT to kill 
malaria-carrying mosquitos. Wasps 
that kill straw-eating moths were also 
killed. The moths prospered, leading to 
the destruction of the thatched roofs. 
Furthermore, cats that ate geckos 

that ate DDT-laden cockroaches died. 
With no cats, rats multiplied, as did 
the bubonic-plague-carrying fleas that 
lived on the rats. Cats were therefore 
dropped by parachute to remote 
villages to help prevent outbreaks of 
the plague. When it comes to 
ecosystems, you can never 
change only one thing. 


^ Figure 13 


Crop pests such as these threaten crop yields. 
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5_Pesticides Kill Insects, Weeds, and Fungi 


EXPLAIN THIS 
Why does the tobacco leaf contain nicotine? 


A hiph-yield crop needs more than adequate nutrition. lt also needs defense 
against a host of natural enemies, a few of which are shown in Figure 13. To 
control these pests, farmers can apply substances known as /esficides. There 
are several kinds of pesticides, including insect-killing 7secficides, weed-killing 
herbicides, and fungus-killing ƒungicides. 


Insecticides KilÏ Insects 


Most species of insects are beneficial or even essential to agriculture. Honeybees, 
for example, are responsible for the pollination of $10 billion worth of produce 
in the United States. Countless other species take part in nutrient recycling 
and help maintain soil quality. A small minority of insect species, however, 
have continually threatened our capacity to grow, harvest, and store crops, 
and it is against these species that insecticides are used. The most widely used 
insecticides are chlorinated hydrocarbons, organophosphorus compounds, and 
carbamates. 

The chlorinated hụdrocarbons have a remarkable persistence, killing insects 
for months and years on treated surfaces. There are at least two reasons for 
this persistence. First, chlorinated hydrocarbons tend to be nonbiodegradable, 
which means there are no natural pathways to break them down chemically. 
Second, they are nonpolar compounds, which means they are insoluble in 
water and thus are not washed away by rainwater. 
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In 1939, there was a breakthrough in the fight against insect pests with the 
chemical synthesis of the chlorinated hydrocarbon DDT, shown im Figure 14. 
During the 1940s and 1950s, DDT was applied liberally to crops, resulting 
in markedly greater yields. In addition to protecting plants, DDT protected 
people from disease. lt was applied to rivers, streams, and villages to help 
control the proliferation of mosquitoes, lice, and tsetse flies, which spread 
malaria, typhus, and sleeping sickness, respectively. According to the World 
Health Organization, by protecting against these diseases, DDT has saved an 
estimated 25 million human lives. 

Insect populations began to develop a resistance to DDT within a few years 
of its first application. Furthermore, DDT was found to be toxic to wildlife, 
including the natural predators of insects, such as birds. With fewer natural 
predators, DDT-resistant insects were able to thrive. The early increased crop 
yields resulting from DDT use were therefore not sustainable. 

In the 1950s and 1960s, these and other negative aspects of DỮT and other 
pesticides were brought to the publics attention by a number of publications, 
including the biologist Rachel Carson“s book S¡lent Sprrng. Carson, shown in 
Figure 15, described the importance of understanding the dynamics of ecosys- 
tems, most of which are highly sensitive to human activities. She also described a 
phenomenon known as bioaccumulation, whereby a toxic chemical that enters a 
food chaïn at a low trophic level becomes more concentrated in organisms higher 
up the chaïn, as illustrated in Figure 1ó. In bodies of water sprayed with DDÏ, for 
example, small amounts of the pesticide were ingested and stored in the nonpo- 
lar lñipids of aquatic microorganisms. Because these microorganisms serve as food 
for animals at higher trophic levels, DDT' became more concentrated in the body 
fat of these larger creatures. Predatory birds at the top of the chain accumulated 
the greatest amounts of DDT. Eventually, the elevated DDT levels affected avian 
population numbers, because the ege shells of affected birds were too thin and 
fragile to support the growing chick embryos. DDT contributed to the decline 
of many bird populations and the near extinction of some species Of OspreyS, 
hawks, eagles, and falcons. In the early 1970s, the ỦDnited States and many other 
countries banned the use of DDT. Within a matter of years, many wildlife species 
in these countries were able to reCOver. 


DDT concentration 


DDT in fish-eating birds, 


DDT in large fish, 
2ppm 


DDT in small fish, 
0.5 ppm 


DDT in zooplankton, 
0.04ppm 


DDT in water, 
0.000003 ppm 


^ Figure 1ó 
The DDT concentration in a food chain can be magnified from 0.000003 parts per million (bpm) 
as a pollutant in the water to 25 ppm in a bird at the top of the chain. 


Ì 
=O}ỳ Ca 
SN du 
CIl 
^ Figure 14 


The chemical name for DDT is 
dichlorodiphenyltrichloroethane. 


^ Figure 15 
Rachel Carson was a pioneer in the fight 
against the excessive use of pesticides. 
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^ Figure 18 

Honeybees do not forage at night. 
Ouick-acting pesticides, such as organo- 
phosphorus compounds and carbamates, 


are therefore best applied in the evening. 


By the time the bees return the next day, 
these pesticides have lost much of their 
†oxicity. 
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Polar products 
(water-soluble) 


^ Figure 17 

Methoxychlor is one of many alternatives to DDT. Enzymes in the liver can cleave the ether 
groups to produce polar products. Look back at Figure 14, and you will see that DDT lacks 
ether groups. 


Many chlorinated hydrocarbon alternatives to DDT have been developed. 
One of the earliest substitutes was methoxychlor, shown in Figure 17. This com- 
pound has much lower toxicity in most animals and, unlike DDT, is not readily 
stored in animail fat. Look carefully at the structures of methoxychlor and DIDT 
and you ll see that they are identical except that methoxychlor has two ether 
øroups whereas DIYT has two chlorine atoms. Because the structures are nearÌy 
identical, they have nearly the same level of toxicity in insects. In higher ani- 
mals, however, the oxygen atoms facilitate detoxification. Specifically, enzymes 
in the liver cleave the ether groups to synthesize polar products that are readily 
excreted throuph the kidneys. 

Organophosphorus compounds and carbamates, in contrast to chlorinated 
hydrocarbons, readily decompose to water-soluble components and so do not 
act over extended periods of time. Their immediate toxicity to both insects and 
animals is much greater than that of chlorinated hydrocarbons, however. Added 
safety precautions are required during the application of oreanophosphates and 
carbamates, especially because of their toxicity to honeybees (Figure 18). 


CON CcETFETI€CHECTKRE 


Why are fish-eating birds more susceptible to DDT contamination 
compared to plankton-eating fish? 


CHECK YOUR ANSWER A plankton-eating fish gets DDT from all the plankton 
it eats. This same DDT then enters the bird that eats this fish. But because the bird eats 
many fish, its exposure to DDT ¡s amplified. 


There are hundreds of organophosphorus and carbamate insecticides 
in agricultural and household use. Two important examples are malathion, 
an organophosphorus compound, and carbaryl, a carbamate, both shown in 
Figure 19. Malathion kills a variety of insects, such as aphids, leafhoppers, 
beetles, and spider mites. Carbaryl, like many other carbamates, is relatively 
selective in the types of insects that it kills. 
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Phosphorus 


Carbamate lÔ®) 
group » Ï 
O ẹ 


l© N 
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⁄£ h 
O OCH;CH; 
Malathion Carbaryl 
(an organophosphorus compound) (a carbamate) 


The most widely used insecticides, however, are the neonicotinoids, such as 
the compound imidacloprid, shown in Figure 20. These compounds are deriva- 
tives of the compound nicotine, which is a naturally occurring neurotoxin, both 
to insects and mammals. The neonicotinoids, however, are selectively more toxic 
to insects than they are to mammals, making them safer for us to handle. These 
compounds tend to be water-soluble and can be added to irrigation water or 
even sprayed on the seeds, which grow into plants that then retain enough neo- 
nicotinioids to fight off insects. The neonicotinoids are biodegradable, especially 
when exposed to sunlipht. There is strong evidence, however, that these com- 
pounds are having a negative impact on bee populations. Notably, they may be 
responsible, in part, for a phenomenon called colơw collapse đisorder. 


Herbicides Kill Plants 


'Weeds compete with crop plants for valuable nutrients. The traditional method 
for controlling weeds is to plow them unđer the soil, where in decomposing, 
they release the nutrients they absorbed while they were alive. Plowing also 
aerates the soil, but it is either labor-intensive or energy-intensive and can lead 
to topsoil erosion. In the early 1900s, farmers noted that certain fertilizers, such 
as calcium cyanamide, CaNCN, selectively kill weeds while causing little harm 
to crops. This prompted a broad search for chemicals that act as herbicides. 
Today, a farmer can choose from hundreds of herbicides, many tailored for a 
specific weed. Farmers in the United States apply almost 600 million pounds 
of herbicides annually, which is about three times more than the amount of 
insecticides they apply. 

Two selective herbicides are the carboxylic acids 2,4-dichlorophenoxyacetic 
acid (24D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), shown in Figure 21. 
Both mimic the actHon of plant growth hormones and are selective in kiling 
broad-leafed plants but not grass-like crops such as corn and wheat. A herbicide 
known as Agent Oranee 1s a blend of 2,4-D and 2,4,5-T. During the Vietnam War, 
U.5. military forces applied more than 15 million gallons of Agent Orange and 
related herbicides in an efort to defoliate Jungle areas that could harbor enemy 
troops. Health problems in Vietnamese troops and civilians, U.5. troops, and oth- 
ers exposed to Agent Orange have since been linked to a minor contaminant of 
the herbicide—the highly toxic compound 2,3,7,8-tetrachlorodibenzo-ø-dioxin 


4 Figure 19 


The widely used pesticides malathion and 


carbaryl. 


H 
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Imidacloprid 


Ai 
| 


Nicotine 


^ Figure 20 


Imidacloprid is an example of a neonic- 


otinoid, which is a compound that mimics 


the insecticidal properties of naturally 
Occurring nicotine. 


_Ô`"ả.ẽ 


What disadvantage is there to plowing 


weeds under the soil? 
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) Figure 21 


The herbicides 2,4-D and 2,4,5-T and the 


dioxin contaminant TCDD. 


) Figure 22 
The herbicides atrazine, paraquat, and 
glyphosate. 
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(TCDD). This contaminant was generated as a side product in the manufacture of 
2/A,5-T. In 1985, because of this contamination, the use of 2,4,5-T was prohibited by 
the U.S. Environmental Protection Agency. TCDD-free methods of 2,4,5-T' produc- 
tion, however, have since been developed, which raises the possibility that 2,4,5-T 
may once again be introduced as an effective herbicide. 

Three other commonly used herbicides are atrazine, paraquat, and glyphosate, 
all shown in Figure 22. Atrazine is toxic to common weeds but not to many gøTrass- 
like crops, which can rapidly detoxify this herbicide through metabolism. 
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Paraquat kills weeds in their sprouting phase. During the 1970s and 1980s, 
this herbicide was sprayed aerially to destroy drug-producing poppy and mari- 
juana fields in the Dnited States, Mexico, and much of Central America and 
South America. Paraquat residues made their way into the illicit drug products, 
however, causing lũng damage in users. So for ethical reasons, the spraying of 
paraquat on drug-producing plants is no longer common practice. 

Glyphosate ¡is a nonselective herbicide that affects a biochemical process 
common to all plants——the biosynthesis of the amino acids tyrosine and phenyl- 
alanine. Glyphosate has low toxicity in animals because most animals do not 
synthesize these amino acids, obtaining them from food instead. Glyphosate is 
the active ingredient of the herbicide RoundupŸ. 


Fungicides Kill Fungi 


As decomposers, fungi play an important role in soil formation, but they can 
also harm crops. Most of the harm they cause occurs during a plants early 
growth stages. Fungi can also spoil stored food and are particularly devastating 
to the world“s fruit harvest. 

In the Dnited States, farmers use about 100 million pounds of fungicides 
annually, meaning fungicides rank third after herbicides and insecticides in the 
amotunts used. An example of a fungicide is thiram, widely used on fruits and 
vegetables (see Figure 23). 

During the last 60 years, pesticides have benefited our society by pre- 
venting disease and increasing food producton. Our need for pesticides will 
continue, but greater specificity will certainly be demanded. Furthermore, it is 
becoming increasingly apparent that the benefits of using pesticides must be 
considered in the context of potential risks. 


ó There ls Much to Learn from Past Agricultural Practices 


EXPLAIN THIS 
Does fresh water contain salt? 


Over the past 100 years, there have been dramatic increases in crop yields. 
An acre of U.5. farmland ¡in 1900 yielded about 30 bushels of corn. Today, that 
same acre yields on the order of 130 bushels of corn. This increased efficiency 
has meant a significant drop in the number of people needed to farm. In the 
early 1900s, about 33 million people in the United States lived and worked on 
farms. Today, only 2 million people are engaged in commercial farming in this 
country, raising crops and livestock. 

Many of the farming methods used to obtain high yields have signifi- 
cant disadvantages. Pesticides and fertilizers, for example, pose certain risks. 
Pesticides are inherently toxic, and each year thousands of people working in 
agriculture are poisoned by the mishandling of these dangerous compounds. 
Fertilizers help plants grow, but major portions of applied fertilizer are washed 
into streams, rivers, ponds, and lakes, where they upset ecosystems, especially 
by promoting excessive growth of algae. Fertilizer runoff from fields, illus- 
trated in Figure 24, can also contaminate drinking water supplies and thus 
affect human health. An ailment known as blue-baby syndrome, for example, 
results from drinking water containing high concentrations of nitrate ions, a 
main ingredient of most fertilizers. Nitrate ions in the bloodstream compete 
with oxygen for the positively charged iron ions of hemoglobin molecules. This 
leads to a form of anemia known as methemoglobinemia, to which babies are 
particularly sensitive. Aside from shortness of breath, one of the major symp- 
toms is a bluish color of the skin. 


Thiram 


^ Figure 23 
The fungicide thiram. 


LEARNING OBJECTIV 


Provide examples of poor 
agricultural practices. 


Fú< CHEMICAL 
CONNECTIONS 
How is the salinity of the 


ocean connected to 
photosynthesis? 
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) Figure 24 

The water running off this farm field 
contains many pesticides and fertilizers 
that can be harmful to ecosystems and 
human health. 


) Figure 25 

Poor soil conservation practices in the 
early 1900s contributed to the loss 

of much topsoil to wind storms thick 
with dust. 
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Poor maintenance of topsoil is also a major concern. Synthetic fertilizers 
have no organic bulk and do not provide a food source for soil microorganisms 
and earthworms. Over time, a soil treated with only these fertilizers loses bio- 
logical activity, which diminishes the soil“s fertility. Soils void of organic bulk 
become chalky and susceptible to wind erosion. Chalky soils lose their capacity 
to hold water, which means that more applied fertilizer is leached away. Ever- 
increasing amounts of fertilizer are thus needed. 

Over the past 100 years, damaging farming practices have decreased 
the amount of topsoil in parts of the United States by as much as 50 percent. 
During the 1930s, farming practices and drought conditions created giant dust 
storms, such as the one shown in Figure 25, that removed major portions of the 
topsoil in Kansas, Oklahoma, Colorado, and Texas. In one storm, large dust 
clouds were carried all the way from the Midwest to Washington, D.C., and 
then into the Atlantic Ocean. Politicians in that city observing the effects of 
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poor soil management right outside their windows quickly passed legislation 
that created the Soil Erosion Service, which became the National Resources 
Conservation Service; it continues to this day in its efforts to help protect the 
nation“s topsoïl for future generations. 

Another limited resource required for farming ¡is fresh water. In regions 
where rainfall is insufficient to support large crops, water is either channeled 
into fields from lakes, rivers, and streams or pumped from the ground. In many 
areas, groundwater is the primary source of fresh water, but excessive use of 
groundwater can lead to land subsidence, illustrated in Figure 2ó. 

Any source of water other than rainwater requires an irrigation method to 
deliver water to the fields. Flooding is a common method, but it is not efficient 
because most of the water is lost in runoff and evaporation. Sprinkler systems 
are an improvement over flooding because they do not cause soil erosion. Such 
systems also lose large amounts of water, however, because a significant por- 
tion of the airborne water evaporates before reaching the ground. 

AlI liquid water on the Earth/s surface, no matter how fresh, contains 
some salts. After irrigation water evaporates from farmland, these salts are 
left behind, and over time, repeated irrigation causes the salinity of the soil 
to increase. This process is known as salinization, and it leads to a rapid 
decrease in productivity. To counteract growing soïl salinity, farmers flood the 
land with huge quantities of water. As the water drains into a river, it washes 
the unwanted salts—along with significant amounts of topsoil——into the river. 
Thus, a river passing through farmlands gets saltier and saltier as it runs to the 
sea, as depicted in Figure 27. 


"¬. -. .——< 


What happens to farmland after 
repeated irrigation? 


——Roinwo†ter. 
⁄Z O mgiliter 


^ Figure 27 
^ Figure 2ó As a river flows along, runoff from agricultural fields can add to the rivers natural salinity. 
The San Joaquin Valley of California By the time the Colorado River reaches the Gulf of California, for example, ït is too salty for 
has subsided by more than 35 feet productive farming. A typical safe drinking water standard for salt content is 500 milligrams/ 
since the pumping of groundwater liter. Agricultural damage occurs when soil salinity reaches a concentration of about 
began in the 1920s. 800 milligrams/liter. The inset photo shows salt deposits accumulated in an irrigated field. 
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G2 G)0ING S0 IC Ha cK 
Are there any dissolved salts in a mountain stream? 


CHECK YOUR ANSWER Land contains a variety of salts. As water runs over and 
through the land, these salts dissolve in the water. In general, the farther the water 
travels, the saltier it becomes. Thus, even water that has traveled only a short distance, 
which ¡s the case with a mountain stream, contains some salts. So the answer to this 
question ¡is a qualified “Yes, but not enough to make the water undrinkable.” 


7 High Agricultural Yields Can Be Sustained with Proper Practices 


LEARNING OBJECTIVE 


Provide examples of sustainable 
agricultural practices. 


&@ FORYOUR 
INFORMATICON 
Those living in the agricultural 
regions of the arid southwestern 
United States are most familiar with 
the accumulation of visible salty 
sediments, as shown in the inset of 
Figure 27. Agricultural salinization, 
however, has been a problem 

since the beginning of agriculture. 
Archeological evidence shows that 
the fall of the Sumerian society of 
ancient Mesopotamia was likely due 
in part to the accumulation of salts 
on farmlands irrigated by waters of 
the Tigris and Euphrates rivers in 
what is now lraq. Civilizations along 
the Nile river in Africa, however, 
survived through the millennia 
because, unlike the Tigris and 
Euphrates, the Nile river floods 
seasonally, which allows a seasonal 
flushing of accumulated  salts. 
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EXPLAIN THIS 


Why does organic farming exclude the use of pesticides when the pesticides 
themselves are organic? 


Agriculture is the organized use of resources for the production of food. 
Whether these resources—mainly topsoil and fresh water—will be available 
for future generations depends on how well we manage them now. We already 
know from experience that pesticides and fertilizers cannot be applied liberally 
without threatening both topsoil quality and our supplies of clean groundwater 
(not to mention our health and that of the planet). 

Over the past several decades, there have been strong movements toward 
developing methods and technologies that will sustain agricultural resources 
over the long term. Problems associated with irrigation, for example, can be 
solved by microirrigation, which is any method of delivering water directly 
to plant roots. Microirrigation not only prevents topsoil erosion but also 
minimizes the loss of water through evaporation, which in turn minimizes the 
salinization of farmland. One method of microirrigation is shown in Figure 28. 


^ Figure 28 
The microirrigation method known as drip 
irrigation delivers water through long, narrow 
strips of punctured plastic tubing. The system 
provides only as mụch water as the plants need. 
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Organic Farming Is Environmentally Friendly 


For controlling pests and maintaining fertile soil, the conventional agricultural 
industry is now looking at the efforts of many small-scale farmers who have 
demonstrated that significant crop yields can be obtained without pesticides 
or synthetic fertilizers. This method of farming is known as organic farming, 
where the term ørea#c is used to indicate a concern for the environment and a 
commitment to using only chemicals that occur in nature. 

To protect against pests, organic farmers alternate the crops planted on 
a particular plot of land. Such crop rofafion works fairly well, because differ- 
ent crops are damaged by different pests. A pest that thrives on one season“s 
crop of corn, for example, will do poorly on the next season“s crop of alfalfa. 
Crop rotation also mitigates the depletion of minerals and nutrients. For fertil- 
1zer, organic farmers rely on compost, shown in Figure 29. They also include 
nitrogen-fixing plants ín their crop rotation schedules. 

Many claims are made that food produced organically is better for human 
consumption. Chemically, however, the molecules that plants absorb from 
synthetic fertilizers are the same as those they absorb from natural fertilizers. If 
organically grown produce tastes any better or is more nutritious than conven- 
tionally grown produce, the reason likely has to do with the genetic strain of 
the produce or with the greater attention paid to growing conditions, such as 
the health of the soil and the amount of water made available to plants. 

Organic farming tends to be benevolent to the environmernt. In addition to 
avoiding the potential runoff of pesticides and fertilizers, organic farming is 
energy efficient, using only about 40 percent as much energy as conventional 
farming. A large portion of the energy savings arises because the manufacture 
of pesticides and fertilizers is energy intensive. For instance, each year in the 
Dnited States, about 300 million barrels of oil is consumed for the production 
of nitrogen fertilizers. 

Because much organically ørown food, such as that shown in Figure 30, 
1s grown locally, by purchasing it, you help support local farmers. Ultimately, 
though, your purchase of organically grown food is a vote in favor of environ- 
mentally friendly methods of farming. 


CÔN CEPEILCHEGK 


Which are made of organic chemicals, organically grown foods or conven- 
tionally grown foods? 


CHECK YOUR ANSWER Regardless of whether they are grown with natural fertilizer 
or synthetic fertilizer, all foods are made of organic chemicals—carbohydrates, lipids, 
proteins, nucleic acids, and vitamins. A thoroughly rinsed conventionally grown carrot 
may be just as good for you—or even better—as one grown without the use of 
synthetic fertilizers and pesticides. The organic in organic farming is a term used to 
designate a natural method of farming. 


^ Figure 29 

Odor-free backyard compost bins 
are easy to build and maintain. The 
secret is to optimize the exposure 
to atmospheric oxygen, which favors 
aerobic decomposition. 


FORYOUR 


&@ INFORMATION 


The outer coat of the naturally 
Occurring rice grain contains bran as 
well as a number of valuable nutrients. 
Natural rice is transformed into white 
rice by milling away this outer coat. 
But why mill away this outer coat 
when it is so nutritious? The outer 
coat also includes fats that, over time, 
oxidize to make the grain turn rancid. 
Thus, unprocessed rice, also known as 
brown rice, is not well suited for long- 
term storage. 


4 Figure 30 

(a) Market forces often result in higher 
prices for organically grown food. 

(b) A product can bear this USDA organic 
seal if at least 95 percent of its ingredients 
are certified organic. 


553 


^ Figure 31 

Complementary crops such as legumes 
and corn are grown in alternating strips to 
enhance soil fertility. The strips follow the 
contour of the land to minimize erosion 
from rainwater or irrigation. 


) Figure 32 

(a) Infrared satellite images reveal much 
information about our agricultural lands. 
Shades of red, for example, indicate crop 
health, browns show how mụuch pesticide 
has been applied, and black shows areas 
prone to flooding. (b) In a practice called 
precision farming, a computer system 
using data from high-resolution satellite 
imagery guides a GPS-equipped tractor to 
pinpoint nutrient and pesticide placement. 
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Integrated Crop Managemernt ls a Strategy for 
Sustainable Agriculture 


To meet concerns about sustaining agricultural resources over the long term, 
8roups from industry, government, and academia have identified a whole-farm 
strategy called integrated crop management (ICM). This method of farming 
involves managing crops profitably with respect for the environment in ways 
that suit local soil, clmatic, and economic conditions. lts aim is to safeguard a 
farm“s natural assets over the long term through the use of practices that avoid 
waste, enhance energy efficiency, and minimize pollution. ICM is not a rigidly 
defined form of crop production, but rather a dynamic system that adapts and 
makes sensible use of the latest research, technology, advice, and experience. 

Ơne of the more significant aspects of ICM is its emphasis on multicropping, 
which means øgrowing different crops on the same area of land either simultane- 
ously, as shown in Figure 31, or in rotation from season to season. Like organic 
farming, multicropping achieves significant pest control, and it can be used to 
1mprove soil fertility. For example, nitrogen-generating crops such as legumes 
are a good complemernt to nitrogen-depleting crops such as corn. 

An important component of ICM ¡s integrated pest management (IPM), 
one of the aims of which is to reduce the initial severity of pest infestation. This 
can be accomplished through a number of routes. When a farm is started, for 
example, only crops that fit the local climate, soil, and topography should be 
grown. This selectivity makes for crops that are hardy and pest-resistant. Crops 
should also be rotated as much as possible to reduce pest and weed problems. 
Another IPM strategy is growing tree crops or hedges either around the perim- 
eter of a farm or interspersed throughout the farm. These trees and hedges 
provide habitat, cover, and refuge for beneficial insects and such pest predators 
as spiders, snakes, and birds. As an added benefit, the trees and hedges also 
protect the land from wind erosion. Yet another [PM strategy is to breed and 
cultivate plants that have a natural resistance to pests. For centuries, this was 
accomplished by selectively mating plants that showed the greatest resistance. 
Today, this age-old method is quickly being supplanted by the techniques of 
genetic engineering. 

Another aim of IPM is to minimize the use of pesticides. For example, 
many farmers now use the global positioning satellite (GPS) system to target 
precise pesticide applications. UDsing infrared satellite photography, illustrated 
in Figure 32, and careful walk-through assessment of field conditions, farmers 
can match pesticide blends with crop needs. Computers link application equip- 
ment with the GPS satellites, which “beam” pesticide application adjustments 
every few seconds as a farmer moves across a field. This same technology also 
works well with selective delivery of synthetic fertilizers. 
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Many other methods of pest control can be used in place of chemical 
pesticides or in combination with them to minimize the need for these 
agents. Depending on the availability of labor, eøg masses or larvae can 
be hand-picked off plants. Instead of using herbicides, weeds can be 
tilled under. An insect population can also be controlled through various 
biological approaches, such as by introducing large numbers of sterile 
insects into a population or by introducing natural predators, as shown in 
Figure 33. 


Another way to control the proliferation of insects is to modify their 
behavior through the use of pheromones, which are volatile organic 
molecules that insects release to communicate with one another. Each 
insect species produces its own set of pheromones, some as warning 
signals and others as sexual attractants. Sexual pheromones synthesized 
in the laboratory can be used to lure harmful insects to localized insecti- 
cide deposits, reducing the need for spraying an entire field, as depicted 
1n Figure 34. 

Nature is sophisticated, and 1f we are to work with nature in a sustain- 
able way, our methods must also be sophisticated. New and improved 
techniques provide the farmer with a menu of possible actions in response 
to natures ever-changing parameters. With each action, however, the 
farmer must be aware of its potential environmental impact. In this sense, 
the human who farms sustainably ¡is not dominating nature but rather 
working with it. 


4 Figure 33 

The almond trees on the right side of the 
road were decimated by spider mites. 
Those on the left were protected by the 
introduction of spider mite predators. 


_Ô`Ỷ`.. 


How are pheromones used to protect 
crops? 


4 Figure 34 

Female gypsy moths emit the pheromone 
disparlure (top) to entice male gypsy 
moths (bottom left) into mating. The males 
are so sensitive to this compound that they 
can detect one molecule in 1017 molecules 
of air. This astounding sensitivity enables 
them to respond to a female that may be 
more than 1 kilometer away. However, 
they can also be tricked into responding to 
insecticide traps laced with synthetic dis- 
parlure (bottom right). 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


Describe the flow of energy and nutrients between trophic 


levels. (1) 


— Ouestions 1-3, 24, 28, 29, 30, 55 


Distinguish between the macro- and micronutrients needed by 


plants. (2) 


Identify what makes for healthy soil. (3) 


Describe the origins of straight and mixed fertilizers. (4) 


— Ouestions 4-7, 25, 31-35 
— Ouestions 8-10, 25, 3é-40, 


— Ouestions T1T1—13, 41-43 


Describe the benefits and  risks of insecticides, herbicides, and 


fungicides. (5) 


Provide examples of poor agricultural practices. (ó) 


Provide examples of sustainable agricultural practices. (7) — 


SUMMARY OF TERMS 


Bioaccumulation The process whereby a toxic chemical that 
enters a food chaïin at a low trophic level becomes more 
concentrated in organisms higher up the chain. 


Compost Fertilizer formed by the decay of organic matter. 


Consumer An organism that takes in the matter and energy 
of other organisms. 


Decomposer An organism in the soil that transforms 
once-living matter to nutrients. 


Horizon A layer of soil. 
Humus The organic matter of topsoil. 


Integrated crop management A whole-farm strategy that 
involves managing crops in ways that suit local soil, 
climatic, and economic conditions. 

Integrated pest management À pest-control strategy that 
emphasizes preventing, planning, and using a varlety 
Of pest-control resources. 


READING CHECK OUESTIONS 


1 Humans Eat at All Trophic Levels 


(KNOWLEDGE) 


—> Ouestions 14-1ó, 2ó, 44-47, 57 
— Ouestions 17-19, 27, 48-50 


Ouestions 20-22, 51-54, 5ó, 58-áO0 


Microirrigation A method of delivering water directly to plant 
TOOfS. 


Mixed fertilizer A fertilizer that contains the plant nutrients 
nitrogen, phosphorus, and potassium. 


NÑitrogen fixation A chemical reaction that converts atmo- 
spheric nitrogen to some form of nitrogen usable by plants. 


Organic farming Farming without the use of pesticides or 
synthetic fertilizers. 


Pheromone An organic molecule secreted by insects to 
communicate with one another. 


Producer An organism at the bottom of a trophic structure. 


Salinization The process whereby irrigated land becomes 
saltler as irrigation water evaporates. 


Straight fertilizer A fertilizer that contains only one nutrient. 


Trophic structure The pattern of feeding relationships in a 
community of organisms. 


(COMPREHENSION) 


2 Plants Require Nutrients 


1. What are the two majJor chemical products of 
photosynthesis? 


2.Ina trophic structure, what distinguishes a producer from 
a consumer? 


3. WRhy are the number of trophic levels limited? 
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4. Do plants require oxygen? 


S. What effect have terrestrial plants had on the composition 
Of ocean water? 


6. Why are calcium and magnesium deficiencies rare in plants? 


7. What is the most common form of sulfur absorbed by 
plants? 
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3 Soil Fertility Is Determined by Soil Structure and 
Nutrient Retention 


8. Which soil horizon is void of life? 
9. What are four important components of fertile topsoil? 


10. What is one of the great advantages to having humus in 
soil? 


4 Natural and Synthetic Fertilizers Help Restore Soil 
Fertility 


11. What ¡is the difference between a straight fertilizer and a 
mixed fertilizer? 


12. What advantages do mixed synthetic fertilizers have over 
compost? 


13. What advantages does compost have over mixed 
synthetic fertilizers? 


5 Pesticides Kill Insects, Weeds, and Fungi 


14. What are three classes of insecticides? 


CONFIRM THE CHEMISTRY 


23. You can measure the pH of soil samples using a red cab- 
bage pH indicator. Saturate a soil sample with water, mak- 
¡ng a thin mud slurry. Stir the slurry and allow it to settle 
until about 1 centimeter of water appears above the soil. lf 
this top layer of water does not appear, add more water, stir, 
and allow for further settling. 


You will need to filter this soil-treated water. To do so, 
remove the bulb from a cooking baster and stuff several 
cotton balls into the top end of the baster. se a chopstick 
or skewer to compact the cotton toward the narrow end 
of the baster. Pour the water from the settled soïl into the 


THINK AND COMPARE (ANALYSIS) 


24. Rank the following organisms from lowest to highest 
trophic level: 


a. beetle 

b. cougar 

c. kangaroo rat 

d. gray fox 

e. cactus 

25. Rank the following relative amounts of macronutrient 
ions in dry plant material from greatest to least: 

mitrogen,N 

. sulfur, 5 

. magnesium, Mg 

. phosphorus, P 

. calcium, Ca 


œonơø% 


15. Is DDT still being used today? 
1ó. Glyphosate interferes with the biosynthesis of which two 
amino acids? 


ó There ls Much to Learn from Past Agricultural 
Practices 


17. How do pesticides and fertilizers end up ín our drinking 
water? 


18. What is missing from synthetic fertilizers that makes them 
harmful to soil? 


19. How is irrigation damaging to topsoil? 


7 High Agricultural Yields Can Be Sustained with 
Proper Practices 


20. What are the advantages of microirrigation? 
21. What is organic farming? 


22. How is space technology used to reduce the amount of 
pesticides applied to farmlands? 


(HANDS-ON APPLICATION) 


top of the baster. Attach the bulb and squeeze the liquid 
through the cotton and into one of the glasses. If the fil- 
tered water is still brown or cloudy, repeat the filtering 
using clean cotton balls each time. 


Add to a second glass as much fresh water as there is 
filtered water ¡n the first glass. Add equal amounts of the 
pH indicator to the two glasses. Compare colors. A deeper 
red color means greater acidity,and_ green indicates alka- 
line. You might want to test soil samples from several dif- 
ferent sites and compare your results. 


2ó. Rank the following in order of increasing concentration of 
mercury, Hg: 
a. zooplankton 
b. trout 
c. swordfish 


27. Rank the following in order of increasing salt 
concentration: 


. rainwater 
b. lake water 
c. stream water 
d. ocean water 


a 
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THINK AND EXPLAIN (SYNTHESIS) 


1 Humans Eat at All Trophic Levels 


28. What would happen to a forest without the action of 
decomposers? 


29. What happens to most biochemical energy as it passes 
from one trophic level to the next? 


30. Why would a predominately meat-based diet be a severe 
restriction on the possible size of the human population? 


2 Plants Require Nutrients 


31. Thoroughly dried dead plant material is 44.4 percent 
oxygen by weight. How is this oxygen held in the plant so 
that it doesn't escape into the atmosphere? 

32. Why do the leaves of plants deficient in nitrogen turn 
yellow? Consider the structure of the porphyrin ring 
shown in Eigure 6. 

33. Earthworms are repelled by the high concentrations of 
nutrients in soils treated with synthetic fertilizers. How 
mipht this affect the soil structure? 

34. How many carbonyl groups are depicted in the illustra- 
tion of the porphyrin ring of Figure 6? 

35. Why 1s atmospheric nitrogen, N;„ so chemically 
unreactive? 


3 Soil Fertility Is Determined by Soil Structure and 
Nutrient Retention 


3ó. How does humus contribute to the acidity of soil? 
37. Why do groundskeepers poke holes in football fields? 


38. Pockets of open space in soil are necessary for plant 
health. If these pockets are too large, however, plant 
health suffers. Whhy? 


39. Why do soils that contain a high percentage of clay retain 
plant nutrients so well? 


40. Why donít plants grow well in nutrient-rich soils that 
contain a high percentage of clay? 


THINK AND DISCUSS 


55. For a person, what are the benefits of eating high on the 
food chain? What are the benefits of eating low on the 
food chain? How does this compare with the benefits for 
the human population as a whole? 


Só. As stated at the beginning of this chapter, rice has been 
genetically engineered to contain a precursor to vitamin 
A. Proponents for golden rice note that this rice is pro- 
vided as a humanitarian endeavor at no financial cost to 
the farmers of developing regions. Activist organizations 
such as Greenpeace, however, are adamantly opposed to 
golden rice. Why? 


57. Should there be an international ban on the production 
and use of DDT? Why or why not? 

58. The caption to Figure 30 notes that market forces often 
result in higher prices for organically grown foods. 
Identify some of these market forces. 
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(EVALUATION) 


4 Natural and Synthetic Fertilizers Help Restore Soil 
Fertility 


41. What happens to ammonium ions ¡in alkaline soil? 
How might this reaction favor the loss of nitrogen from 
the soil? 

42. How does the organic bulk of compost help to maintain 
fertile soil conditions? 


43. Which is better for a plant: an ammonium ion from 
compost or an ammonium ion from synthetic fertilizer? 


5 Pesticides Kill Insects, Weeds, and Fungi 


44. Why do chlorinated hydrocarbons persist longer in the 
environment compared to organophosphorus compounds? 
45. Why does DDT have such a strong affinity for fat tissue? 


4ó. What do the structures of DDT and TCDD have in 
common? How are these compounds different? 


47. Which compound is more acidic: 2,4,5-T or TCDID? 


6 There ls Much to Learn from Past Agricultural 
Practices 


48. When only synthetic fertilizers are used on a crop, the 
quantity used needs to be increased over time. Why? 


49. How might periodic floods from rainstorms benefit 
irrigated cropland? 


50. Why are the oceans salty? 


7 High Agricultural Yields Can Be Sustained with 
Proper Practices 


51. Distinguish between organic farming and integrated crop 
management. 


52. Why is it beneficial to grow two or three different crops 
simultaneously in the same field? 


53. Besides lure-and-trap, how else might pheromones be 
used to decrease insect populations? 


54. How is petroleum connected to the food we eat? 


59. Assume you are a Brazilian farmer looking to clear-cut a 
rainforest to make room for cattle pasture. An environ- 
mental activist from the predominately beef-eating Ủnited 
States knocks at your đoor to convince you not to cut. 
What are some of the arguments the activist might 
present? What counter arguments can you think of for 
proceeding with your plan? 

ó0. Which of the following options should be more effective 
at sustaining the lives of poor people living in a develop- 
ing nation? Option 1: Large farms where surplus amounts 
of food are grown by relatively few owners of large tracts 
of land. Option 2: Many small farms where sufficient 
amounts of food are ørown by numerous owners of small 
tracts of land. 
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READINESS ASSURANCE TEST 


TƑ uou haue a good handle on this chapter, then you should be able to 
score at leqst 7 ouf 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistry.com. lƒ you score less than 7, you need 
to stidU ƒurther beƒ0re m00ïng 0n. 


Choose the BEST answer to the following. 
1. Whatis acting as the energy storage medlia in photosynthesis? 
a. chlorophyll 
. carbohydrates 
carbon dioxide 


O0 o0 ởơ 


. Water 
@. OXygen 


2. Why would a predominately meat-based diet be a severe 
restriction on the possible size of the human population? 


a. Not enough biochemical energy is available at that 
trophic level to support a large population. 


b. The land area taken up by livestock would prevent 
people from finding new places to live. 


c. Such a diet would shorten the average lie span of 
humans. 


d. The hormones found in beef have a negative effect on 
human fertility. 


3. Why might soil with a very low pH be more susceptible 
to leaching? 


a. The acid ions exchange with the nutrient Ions, which 
are then rinsed away. 


b. The base ions start to degrade the minerals and lead 
to insoluble ion salts. 


c. The acid ions decompose the vitamins and minerals 
stored in the roots. 


d. The base ions decompose the vitamins and minerals 
stored in the roots and suck the valuable minerals 
into the water. 


e. None of the above is true. 


4. The use of tractors and other heavy farm machinery com- 
pacts soil. How might this compacting affect soil fertility? 


a. The increased pressure causes fertilizer molecules to 
react with one another, which has the effect of harm- 
¡ng soil fertility. 

b. The weight of the heavy machinery kills decompos- 
ers such as worms, which has the effect of harming 
soi] fertility. 

c. The soil fertility is harmed because the weight of the 
heavy machinery squeezes out the water. 

d. Once compacted, the soil is not able to hold water 
and air, which harms the fertility of the soil. 

5. Whathappens to ammonium ions, NH,+,in alkaline soil? How 
might this reaction favor the loss of nitrogen from the soil? 

a. In alkaline soils,ammonium ions have a greater 
tendency to bind with inorganic particles, thereby 
becoming unavailable to plants. 

b. Ammonium ïions turn into nitrate ions, which are lost 
through water runoff. 


(RAT) 


c. Ammonium ions turn into ammonia, which is a gas 
that can escape into the atmosphere. 


d. Ammonium ions turn into nitrogen gas, which 
escapes back into the atmosphere. 
ó. When only synthetic fertilizers are used on a crop, the 
quantity used needs to be increased over time. Why? 
a. They are washed away by seasonal rains, but residual 
fertilizers remain. 
b. Synthetic fertilizers provide no organic bulk. 
c. More and more genetically engineered crops are 
being planted. 
d. Organisms in the soil develop a resistance to these 
fertilizers. 


7. Shown below are the N-P-K ratings for three fertilizer 
additives: sawdust, fish meal, and wood ashes. sing what 
you know about the chemical composition of these sub- 
stances, assign each to its most likely N-P-K rating: 5-3-3, 
0-1.5-8, or 0.2-0-0.2. 

a. sawdust: 5-3-3; fish meal: 0-1.5-8; wood ashes: 
0.2-0-0.2 

b. sawdust: 0.2-0-0.2; fish meal: 0-1.5-8; wood ashes: 5-3-3 

c. sawdust: 0-1.5-8; fish meal: 0.2-0-0.2; wood ashes: 5-3-3 

d. sawdust: 0.2-0-0.2; fish meal: 5-3-3; wood ashes: 
0-1.5-8 

8. Many farmers in the United States are paid by the govern- 
ment not to farm their land. Based on your understanding 
of the concepts presented ín this chapter, cite one reason 
this might be so. 

a. It keeps the price of food artificially high. 


b. It provides a means of controlling the global 
population of people. 


c. lt conserves the topsoil. 


d. Farmed land has dramatic effects on local weather 
patterns. 


9. Industrial wastes and agricultural pollutants are made of 
the same kinds of atoms already present in the environ- 
ment. So why worry about them? 


a. Industrial waste and agricultural pollutant atoms are 
“contaminated” and in need of purification. 


b. Industrial waste and agricultural pollutant atoms com- 
bine to form harmful molecules with markedly different 
propertles from the atoms that make up the molecules. 


c. Industrial waste and agricultural pollutant atoms 
become “abnormal,” in much the same way a cancer- 
ous structure forms. 


d. Industrial waste and agricultural pollutant atoms 
arer“t much of a concern. The øgovernment makes an 
issue of them mostly to serve political ends. 


10. The specific aim of [PM is to 

a. promote the popularity of organic farming. 

b. minimize the amount of water lost during irripation. 
c. improve soil fertility. 
d. 


minimize the use of pesticides. 
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GON ISSUEES FEFACING 


Genetically Modified Foods 


Over the past couple of decades, 
advances in our understanding of 
genetics have led to profound devel- 
opments in agriculture. For centu- 
ries, farmers have improved crops 
and domestic animals by breeding 
for desirable traits. This uncertain 
and often lengthy process can now 
be performed relatively quickly and 
with great certainty using the tools 
of modern molecular biology to 
introduce genes for desired traits 
into plants and animals. The result- 
ing organisms are called transgenic 
organisms because they contain one 
or more genes from another spe- 
cies. In the media and marketplace, 
transgenic organisms are also known 
as genetically modified organisms, or 
GMOs for short. 

As an example, consider that 
transgenic bacteria have been engi- 
neered to mass-produce a variety of 
valuable proteins, including bovine 
growth hormone (BGH). When this 
hormone ¡is injected into dairy or 
beef cattle, it raises milk produc- 
tioön or improves weight gain. lt has 
passed U.S. qgovernment-sponsored 
safety standards and is now being 
used extensively on dairy herds ¡in 
the United States. European and 
Canadian governments, however, do 
not allow ïts use in cattle. One reason 
is that BGH ¡increases the rates of 
infections among cattle. This prompts 
farmers to overuse antibiotics that 
end up being consumedl by humans. 

Most of the progress in transgenic 
agriculture has been with plants. 


Bt cell 


^ Figure † 


Several major crops have been engi- 
neered with genes that create pro- 
teins having ¡nsecticidal properties. 
The insect pest ¡is kiled only when it 
feeds on the crop. Figure † ¡llustrates 
this technique for corn. With such 
a mechanism, most—although not 
necessarily al—nontarget benevo- 
lent organisms are left unharmed and 
the need for pesticide application 
is reduced. Other major crops have 
been engineered with genes that 
make them resistant to the herbi- 
cide glyphosate, meaning that the 
herbicide kills weeds ¡in a field but 
doesnt threaten the crop planted 
there. Researchers have also inserted 
into sweet potato plants a gene 
coding for a dietary protein. This 
protein contains significant amounts 
of the amino acids essential to adult 
humans. Figure 2 shows these 
protein-rich sweet potatoes, which 
are easy to cultivate and hold spe- 
cial value for developing nations, 
where high-quality protein foods are 
hard to come by. 

Worldwide, about 70 million acres 
of farmland are cultivated with trans- 
genic crops. As a result, about one- 
third of the world corn harvest and 
more than one-half of the world soy- 
bean harvest now come from geneti- 
cally engineered plants. 


Gene for 


\ X Bt protein 


Corn cell 


TÑ ——— 
Gene for Gene for Bt 
Bt protein protein inserted 


into corn DNA 
in corn cell. 
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^ Figure 2 
Gene transfer has made sweet potatoes 
a better protein source. 


The examples just described 
involve the transposing of only one 
gene or a couple of genes into the 
transgenic organism. Many desirable 
traits, however, involve clusters of 
genes. An important example ¡is the 
ability to fix nitrogen. lntense research 
is currently under way to transpose all 
the genes necessary for nitrogen fixa- 
tion into plants that do not naturally 
fix nitrogen. With such a transgenic 
species, the expensive production 
and application of nitrogen fertilizers 
becomes unnecessary. Because many 
genes are ¡involved, the system ¡is 
complicated and currently beyond 
biotechnical capabilities, but perhaps 
that wont be true for long. 


Bt protein within 
each kernel 


Corn plant 
cells produce Bt 
protein, which is 
eaten by insect. 


The bacterium Bacillus thuringiensis (Bt) produces proteins that are toxic to insects such as the corn borer, a devastating corn pest. The external 


application of Bt proteins on corn, however, cannot control the corn borer once it is inside the stalk. Corn is made resistant to the corn borer by splic- 
ing the gene for the Bt protein into corn DNA. The resulting corn plant produces the Bt protein in its cells and is thus fully resistant to the corn borer. 
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There ¡is heated debate about 
genetically engineered agricultural 
products. Some scientists argue that 
producing transgenic organisms is 
only an extension of traditional cross- 
breeding, the procedure that has 
given us such new and interesting 
products as the tangelo (a tangerine— 
grapefruit hybrid). In general, the 
Food and Drug Administration has 
held that if the result of genetic 
engineering ¡is not significantly 
different from a product already on 
the market, testing is not required. 
©n the other side of the argument 
are scientists who believe that creat- 
ing transgenic organisms is radlically 
diferent from hybridizing closely 
related species of plants or animals. 
There is concern, for example, that 
genetically engineered crops might 
grow too well, ultimately reseed- 
ing themselves in areas where they 
are not desired and thus becom- 
ing “superweeds.” Transgenic crops 
might also pass their new genes to 
close relatives in neighboring wild 
areas, creating offspring that would 
be difficult to control. 

Stay tuned for developments in 
the area of transgenic agriculture, 
such as the promising development 
of golden rice discussed at the 
beginning of this chapter. The power 
of genetic engineering, however, 
demands that we move cautiously 
with all necessary safeguards ¡in 
place. One of the more important 
safeguards, no doubt, will be a 
well-informed general public. 

But are transgenic organisms really 
necessary to feed our growing human 
population? Demographers project 
that, the human population will begin 
to stabilize within a century at about 
14 billion inhabitants. Will we be 
able to feed ourselves at that point? 
The answer is probably yes, but the 
assumption here ¡is that our food sup- 
ply expands in a way that does not 
destroy the natural environment. For 
agriculture to be sustainable, a steady 
stream of new technologies that mini- 
mize environmental damage must be 
developed. Transgenic organisms are 
likely to play a signficant role. 

lInterestingly, the most critical 
problems faced by those seeking to 
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counteract world hunger are more 
likely to be social rather than technical. 
Above all, efforts toward stabilizing 
the world population must continue in 
earnest. Already, most of the worlds 
farmable land is now under cultiva- 
tion. As the population grows, more 
food will be required while at the 
same time more farmable land will be 
lost to residential and business devel- 
opmert. In tropical areas, economic 
pressures to slash and burn rainforests 
for the formation of additional farm- 
land will probably continue. 

Even with a stable world popula- 
tiön, tt cannot be assumed that a 
large-enough food supply will lead to 
the end of world hunger. Today, the 
abundance of food ¡is at an all-time 
high, and  yet an estimated 8.7 million 
individuals, most of them young 
children, die each year from a lack 
of adequate nutrition. Amartya Sen, 
a leader in the fight against world 
hunger and the 1998 Nobel laureate 
in Economics, points out that in most 
circumstances, malnutrition arises not 
from a lack of food, but from a lack 
of appropriate social infrastructure, 
as Figure 3 shows. Backed by strong 
evidence, Sen argues that “public 
action can eradlicate the terrible and 
resilient problems of starvation and 
hunger in the world in which we live.” 
Efforts toward optimizing the food 
yields from agriculture must therefore 
be matched by efforts to build social, 
political, and economic systems that 
give those people facing starvation 
the means for survival. World hunger 
is not inevitable. 
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The Bangladesh famine of 1974 occurred 
during a period when the amount of food 
available per person in that country was at 
a peak. lt was unemployment, hoarding, 
and inflated food prices that drove millions 
to their death. 


CONCEPTCHECK 


Why is it so difficult to develop a 
transgenic corn variety that fixes 
its own nitrogen? 


CHECK YOUR ANSWER 
Developing a transgenic corn 
variety that fixes its own nitrogen 
¡is difficult because many genes are 
involved. 


Think and Discuss 


1. How might genetic engineering 
be used to counteract the nega- 
tive effects of salinization? 


2. Bovine growth hormone was 
made available to dairy farmers 
in the early 1990s. At that time, 
there was no shortage of milk, 
nor was there any anticipated 
shortage of milk. Why did the 
farmers then start using this 
growth hormone on their cows? 
Who benefited most? Many 
physicians are concerned about 
a possible, although not yet 
proven, link between growth- 
hormone-induced milk and cer- 
tain cancers in humans. Knowing 
this, are you willing to drink 
milk from a cow whose miÌk 
production has been increased 
by injections of bovine growth 
hormone? Why or why not? 


3. Should transgenic foods be 
labeled as such in the stores 
where they are sold? Would 
you be reluctant to buy this 
food? What ï¡f the food were 
processed and in a box, such as 
a box of crackers? What ¡f the 
food were fresh produce on dis- 
play next to organic fresh pro- 
duce? What ¡f the GMO fresh 
produce looked healthier than 
the organic fresh produce and 
were less exbensive? 


4. Why might environmentalists 


welcome the ¡ntroduction of 
corn genetically engineered to 
fix its own nitrogen? Why might 
they be opposed to ¡t? 
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Solutions to Odd-Numbered Chapters Ouestions 


1. Carbohydrates and oxygen are the two major chemical 
products of photosynthesis. 


3. The number of trophic levels is limited by a dwindling 
supply of food resources. Each higher trophic level supports 
successively smaller populations. 


5. Terrestrial plants that exclude sodium ions have raised the 
oceans/” levels of sodium ions to more than three times that of 
the potassium ions. 


7. Sulfur is most commonly absorbed by plants as sulfate 
anions: SO,^. 


9. Fertile topsoil is composed of organic matter, mineral 
particles, water, and air. 


11. Straight fertilizers contain only one nutrient, but mixed 
fertilizers contain a mixture of three essential nutrients. 


13. Compared to mixed fertilizer, compost has a higher 
percentage of organic bulk. This keeps soil loose for aeration. 


15. DDT was banned in the United States in the 1970s, but it 
1s sHlÏ used in other countries, primarily to control the spread 
of malaria-bearing mosquitoes. 


17. Pesticides and fertilizers are washed away from fields into 
streams, rivers, ponds, and lakes to end up in our drinking 
water. 


19. Irrigation is damaging to topsoil because irrigated water 
contains salts that are left behind once the water evaporates. 
This process raises the salinity of the soil. 


21. Organic farming ¡s farming without the use of synthetic 
pesticides and fertilizers. 


23. No questions are asked. 
25.a>e>c>d>b 
27.a<c<b<d 


29. The amount of biochemical energy decreases with 
each passing level because animals being consumed have 
already lost most of their biochemical energy through their 
metabolism. 


31. This oxygen is not gaseous O„, but oxygen atoms bound 
to the cellulose structure. 
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33. One reason earthworms increase soil fertility is that they 
help to make the soil more porous as they tunnel through 
it. The soil structure, therefore, might become more compact 
as the earthworms retreat from the regions of high nutrient 
concentration. 


35. Nitrogen, N¿, 1s sO chemically unreactive because the two 
atoms of this molecule are so strongly held to each other by 
a covalent triple bond. lf you want to form a new compound 
from this material, you must break the two nitrogen atoms 
away from each other, which takes the energy of a lightning 
bolt to đo. 


37. This makes it easier for air to permeate the soil so that 
Oxygen can get to the roots of the grass. Occasionally poking 
holes also helps the soil to remain loose enough that it can 
retain water. 


39. Clay ¡is a very compact material containing few open 
spaces. This means water cannot penetrate very well, which 
means the nutrients are not washed away. 


41. The ammonium ion behaves as a weak acid and would 
đonate a hydrogen ion in alkaline soil to form ammonia, NH¡:. 
Although ammonia ¡is soluble in water, it is a gas at ambient 
temperatures and is thus readily lost to the atmosphere. 


43. The plant is unable to đistinguish between an ammonium 
ion from compost or an ammonium ion from synthetic 
fertilizer. An ammonium ion is an ammonium ion no matter 
where it is from. The main difference for the plant would be 
that the compost provides organic bulk, which would be an 
added benefit to the plant. 


45. DDT has such a strong affinity for fat tissue because both 
it and fat tissue are highly nonpolar substances. 


47. The 2,4,5-T is more acidic because of the carboxylic acid 
functional group it contains. 


49. Irrigation inevitably leads to an increase in the salinity 
of the soil. Although flooding may remove many of the plant 
nutrients, it would benefit the cropland by removing much of 
the accumulated salt deposits. 


51. Both organic farming and integrated crop management 
aim to produce crops in an environmentally friendly and 
sustainable manner. Organic farming, however, tends to 
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avoid the use of technology so that there 1s a greater reliance 
on the human touch. Integrated crop management, however, 
tends to embrace sophisticated technology so that the crops 
can be produced in large amounts to meet the needs of our 
expanding human population. 


53. Pheromones that insects detect as a warning signal may 
be used. This may cause the insects to alter their behavior so 
that they don/t feed on the pheromone-treated crops. 


55. For the individual, eating high on the food chain means 
having access to higher concentrations of nutrition. Consider 
that the Japanese started eating more beef after World War 
II. As a result, the average height of the Japanese individual 
increased by several inches. Eating this highly nutritious 
food, however, also comes with risks, which includes obesity 
and vulnerability to certain cancers. A well-balanced diet 
is generally easier to attain if a person focuses primarily 
on foods that are lower on the food chain. The energy and 
effort required to raise livestock is many times greater than 
that needed to grow food from photosynthetic plants. As 
discussed ¡in this chapter, sufficient resources do not exist 


for everyone on this planet to live on a meat-intensive diet. 
The human population gains many benefits from eating 
primarily foods that are low on the food chain. These benefits 
include greatly reduced consumption of energy, particularly 
fossil fuels, and lower outputs of greenhouse gases due 
to lower fossil fuel consumption and beef consumption 
(a major producer of methane). Thus, grain that livestock 
đonít eat is available for humans. 


57. There are a sipnificant number of alternatives to DDT 
for fiphting mosquito populations. Compared to DDT, these 
alternatives, although currently more expensive, are just as 
effective and far less destructive to the environment. 


59. If the activist can provide a working model of how to 
work the land in a more environmentally responsible manner 
yet still produce agricultural products that can be sold at a 
greater profit and this model can be sustained over many 
generations, the rancher is more likely to listen. Such a plan, 
however, might require an initial capital investment that the 
rancher cannot afford. 
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Profectinø Wafter and Air 
R€SOUFCGS 


From Chapter 16 of Cơnceptual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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^- Seen from space, the Earth's atmosphere appears as a 
narrow blue sliver on the horizon. 


1 Water on the Move 

2 Collectively, We Consume Huge 
Amounts of Water 

3 Human Activities Can Pollute Water 

4 Wastewater Treatment 


5 The Earth's Atmosphere ls a 
Mixture of Gases 


6 Human Activities Have lncreased 
Air Pollution 


7 Carbon Dioxide Helps Keep the 
Earth Warm 
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PrOf€Cfinø Water 
and Alfr RCSOUIFCCS 


THE MAIN IDEA 


The Earth ¡is huge, but so is our ability to 
transform the environment. 


Saline water in 
oceans: 97.2% 


lce caps and 
glaciers: 2.14% 


Available fresh 
water: 0.66% 


here is a lot of water on the Earth, but about 
| 97.2 percent of this water 1s saline (salty) ocean 

water. Another 2.14 percent is fresh water frozen 
in polar ice caps and glaciers. All the remaining water, 
less than 1 percent of the Earth/s total, comprises water 
vapor in the atmosphere, water in the ground, and 
water in rivers and lakes—the fresh water we rely on in 
our daily lives. The Earth is large, having a diameter of 
about 13,000 kilometers. The atmosphere that surrounds 
the Earth, however, is only about 30 kilometers thick. 
From space, the atmosphere appears only as a narrow 
band along the horizon. Consider that if the Earth were 
the size of an apple, its atmosphere would be about as 
thick as the skin of the apple. 

Our planet is a gigantic terrarium, and collectively, we 
are its caretakers. With this job comes the responsibility to 
learn how the Earth“s resources can be properly managed 
for the benefit of all its inhabitants. In this chapter, we 
explore some of the fundamental dynamics of the Earth/s 
water and atmosphere and the impact of human activities. 


Protecting Water and Air Resources 


Raïin in a Can 


When water vapor condlenses in a 
closed container, very low pressure 

¡is createdl inside the container. The 
atmospheric pressure on the outside 
then has the capacity to crush the 
container. In this activity, you wiÌÍ 

see how this works for water vapor 
condensing inside an aluminum soda 
can. Note: avoid touching the steam 
produced in this activity—steam burns 
can be severe. 


PROCEDURE 


1. Add ice water (at least 1 inch 
deep) to a saucepan and set 
aside. 

2. Put a tablespoon of water in an 
aluminum can and heat on a 


stove until steam can be seen 
coming from the top. 

3. Grasp the can with tongs and 
invert ít (top first) into the ice 
water in the saucepan. Hold it 
there for a few moments until 
the can implodes. 


ANALYZE AND CONCLUDE 


1. How mụuch air was in the can 
when it was being heated and 
steam started coming out of the 
top? How mụuch water vapor was 
in the can at that time? 


2. What happened to the tempera- 
ture inside the can when it was 
inverted in the ice water? What 
do you suppose then hapbpened 
to the water vapor within the can? 


4 Water on the Move 


EXPLAIN THIS 
How can snow on a mountaintop disappear without melting? 


The Earth/s water is constantly circulating, powered by the heat of the Sun 
and the force of gravity. The Sun's heat causes water from the Earth/s oceans, 
lakes, rivers, and glaciers to evaporate into the atmosphere. As the atmosphere 
becomes saturated with moisture, the water precipitates in the form of either 
rain or snow. This constant water movement and phase changing is called the 
hydrologic cycle. As Figure 1 shows, the route of water throuph the cycle can 
be from ocean directly back to ocean or can take a more circuitous route over 
the ground and even underground. 

In the direct route, water molecules in the ocean evaporate into the atmo- 
sphere, condense to form clouds, and then precipitate into the ocean as either 
rain or snow, to begin the cycle anew. 

The cycle is more complex when precipitation falls on land. As with the 
đirect route, the cycle “begins“ with ocean water evaporating into the atmo- 
sphere. Instead of forming clouds over the water, however, the moist air is 
blown by winds until it is over land. Now there are four possibilities for what 
happens to the water once it precipitates. It may (1) evaporate from the land 
back into the atmosphere, (2) infiltrate into the ground, (3) become part of a 
snowpack or glacier, or (4) drain to a river and then flow back to the ocean. 

Water that seeps below the Earth“s surface fills the spaces between soil par- 
ticles until the soil reaches safrafơn, at which point every space is filled with 
water. The upper boundary of the saturated zone is called the water table. The 
depth of the water table varies with precipitation and with climate. lt ranges 
from zero depth in marshes and swamps (meaning the water table is at ground 
level at these locations) to hundreds of meters deep in some desert regions. 


3. Vhich occupies more volume: water 


in a gaseous phase or the same 
mass of water in a liquic phase? 


4. What happened to the pres- 


sure within the can as the water 
vapor within it condensed? How 
did this internal pressure com- 
pare to the external pressure 
exerted by the atmosphere? 


LEARNING OBJECTIVE 


Describe how water circulates 
through the hydrologic cycle. 


CHEMICAL 
CONNECTIONS 


How are the tears of a 
crying baby in the United 
States connected to the 
Yangtze River in China? 


S67 
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|s ït possible for the water table to lie 
above ground? 


568 


Protecting Water and Air Resources 


^ Figure † 
The hydrologic cycle. Water evaporated at the Earth's surface enters the atmosphere as water 
vapor, condenses into clouds, precipitates as rain or snow, and falls back to the surface, only to 


go through the cycle yet another time. 


The water table also tends to follow the contours of the land and lowers dur- 
¡ng times of drought, as shown in Figure 2. Many lakes and streams are simply 
regions where the water table lies above the land surface. 

All water below the Earth“s surface is called erouniuafer. (Lñquid water that 
1s on the surface—in streams, rivers, and lakes—is called, naturally enough, 
surƒace tuater.) Any water-bearing soil layer is called an aquifer, which can be 
thought of as an underground water reservoir. Aquifers underlie the land in 
many places and collectively contain an enormous amount of fresh water— 
approximately 35 times the total volume of water in fresh water lakes, rivers, 
and streams combined. More than half the land area of the United States is 
underlain by aquifers, such as the Ogallala Aquifer, stretching from South 
Dakota to Texas and from Colorado to Arkansas. 

As the human population grows, the demand for fresh water grows. 
Precipitation is the Earths only natural source of pgroundwater recharge. 
Although the reservoir of groundwater is great, when the pumping rate 
exceeds the recharge rate, there can be a problem. In wet climates, such as in 
the Pacific Northwest, extraction ¡is often balanced by recharge. In dry climates, 


during drought 


^ Figure 2 

The water table in any location roughly parallels surface contouring. In times of drought, the 
water table falls, reducing stream flow and drying up wells. lt also falls when the amount of 
water pumped out of a well exceeds the amount replaced as precipitated water infiltrates the 
ground and recharges the supply. 
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however, extraction can easily exceed recharge. To support large populations, 
these areas must import their water from distant sources, typically through 
aqueducts. In southern California, for example, most of the fresh water comes 
from the Colorado River through aqueducts that stretch hundreds of miles. 

The Ogallala Aquifer, which is below the dry High Plains, has supplied 
water to this thirsty agricultural region for more than 100 years. Most of the 
aquifer is water from the last ice age, some 11,000 years ago, that has been 
locked underground with few sources of replenishment. If pumping were to 
cease, it would take many thousands of years for the water table to return to 
1ts original level. In this respect, the Ogallala, unlike most other aquifers, is a 
limited and nonrenewable resource. 

As water is removed from the spaces between soil particles, the sedi- 
ments compact and the ground surface is lowered——it sbsides. In areas where 
groundwater withdrawal has been extreme, the ground surface has subsided 
sipnificantly. In the United States, extensive groundwater withdrawal for irri- 
gation of the San Joaquin Valley of California has caused the water table to drop 
Z5 meters in 20 years, and the resulting land subsidence has been significant. 

Probably the most well-known example of land subsidence 1s the Leaning 
Tower of Pisa ¡in Italy, shown in Figure 3. Over the years, as proundwater has 
been withdrawn to supply the growing city, the tilt of the tower has increased. 


CO NCEPTCHECK 


An aquifer is a body of underground  fresh water. Where does this water 
come from? 


CHECK YOUR ANSWER The source of all natural underground (and above- 
groung) fresh water is the atmosphere, which gets most of its moisture from the evapbo- 
ration of ocean water. 


2 Collectively, We Consume Huge Amounts of Water 


EXPLAIN THIS 


You dont use water in your household for a 2-hour period, yet your water 
meter shows otherwise. What“s the problem? 


The U.S. Geological Survey (USGS) began compiling national water use data 
¡in 1950. Since then, this federal agency has been conducting surveys at 5-year 
intervals. According to their data, the rate at which water enters all U.5. aqui- 
fers combined is about 6790 billion liters/day.* In 2005, we were withdrawing 
water from these aquifers at an average rate of 1319 billion liters/ day, meaning 
we were taking out about 20 percent of this water supply. As shown in Figure 4, 
the bulk of this water was used for irrigation and as a coolant in the generation 
of thermoelectric power. 

The numbers in Figure 4 tell us that, based on a population of 301 million, 
the 2005 per-person water usage ¡in the United States was 4380 liters/day 
(1319 billion liters/day + 301 million persons). According to the USGS, each 
person“s personal use was about 8 percent of that amount, which comes to about 
350 liters/day. However, only about one-fourth of that 350 liters is water we 


*These reports are made every 5 years, but it takes about 5 years to compile and cross-check the 
data. Thus, at the time of printing this text, the report for 2010 was not yet available. To check on 
the status of the 2010 report, go to http:/ /water.usgs.gov /watuse. 


^ Figure 3 

The Leaning Tower of Pisa, built centuries 
ago, slowly acquired a deviation from the 
vertical of about 4.ó meters as a result of 
groundwater withdrawal. The tower“s foun- 
dation has been stabilized by groundwater 
withdrawal management, and the tower 
should remain stable for years to come. 


LEARNING OBJECTIVE 


Review water consumption trends 
in the United States. 


"¬- 


How frequently does the USGS tabulate 
national water use data? 
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) Figure 4 
Water usage in the United States (2005) in 
billions of liters per day. 


&@ FORYOUR 
INFORMATION 
Groundwater is found beneath 
nearly every square foot of land. 

ln some regions, such as deserts, 
this groundwater is many meters 
deep and difficult to reach. In moist 
regions, such as Europe or most of 
North America, the groundwater is 
relatively close to the surface and 
easy to find. Dowsing is a form of 
pseudoscience in which a person 
claims to be able to find groundwater 
using a pronged stick that vibrates 
wildly upon the discovery of the 
water. A well is dug at the indicated 
location, groundwater is revealed, and 
the dowser is paid for her services. 
Of course, the dowser is usually 
successful because groundwater is 
nearly everywhere. The real test of 
a dowser would be to find a region 
where water is not located. 


) Figure 5 

Total withdrawals of fresh water 
increased from 1950 to 1980, largely 
because of expanded irrigation sys- 
tems and urban development. After 
1980, however, conservation mea- 
sures reduced water usage even in 
the face of a growing population. 
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Residential/Commercial 
(public supply) 

167 (11%) Industrial 
69 (4%) 


Aquaculture 


33 (2%) Domestic/Livestock 


23 (2%) 


Thermoelectric power 


lrrigation 761 (50%) 


484 (31%) 


either drink or use to water our lawns or gardens. The other three-fourths—about 
263 litersl—becomes household wastewater from our bathtubs, toilets, sinks, and 
washing machines. 

It may seem that because we as a population consume only about 20 percent 
of the fresh water available to us, there is little need to conserve. This percentage, 
however, is only an average. In many drier regions of the western United States, 
water usage already exceeds the rate at which aquifers in the region are recharged. 
In Albuquerque, New Mexico, for example, escalating water consumption has 
caused the underlying aquifer to drop by about 50 meters over the past 40 years. 

The quality of fresh water varies from one region to another. Deep water 
deposits, for example, are often high in dissolved solids. So even in regions where 
fresh water is plentiful, it's important to conserve water to help protect that smaller 
portion of the water supply that is of preatest purity. Furthermore, we are not the 
only species that relies on fresh water. Many ecosystems, such as lakes and wet- 
lands, are already stressed by our increasing water demands. Water conservation 
can go far to alleviate this stress even in the face of our growing population. 

According to the USGS, there is good news regarding water conserva- 
tion efforts in the United States. As shown in Figure 5, total fresh water with- 
drawal peaked in 1980 at around 1420 billion liters /day. By 2005, however, the 


El Groundwater Population 
EI Surface water 
EI Total 
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withdrawal rate had declined to 1319 billion liters/ day even though the popu- 
lation grew from 230 million to 301 million over the same time period. This 
remarkable savings in fresh water was largely the result of improved irrigation 
techniques , but enhanced public awareness of water resources and conserva- 
tion programs was also a contributing factor. 


Hs 


3 Human Activities Can Pollute Water 


EXPLAIN THIS LEARNING OBJECTIVE 


Why is methane a significant component of the gas emanating from a 
buried  landfill? 


ldentify sources of water pollution 
and explain the significance of 
biochemical oxygen demand. 
Water pollution can arise from either point sources or nonpoint sOources. 

A point source is one specific, well-defined location where a pollutant enters 

a body of water. An example of a point source is the wastewater pipes of a 

factory or sewage treatment plant, as shown in Figure 6a. Point sources are 

relatively easy to monitor and regulate. À nonpoint source is a source in 

which pollutants originate at diverse locations, oil residue on streets being 

one example. Water becomes polluted as rain washes the oil residue into 

streams, rivers, and lakes. Agricultural runoff and household chemicals 

making their way into the storm drains of Figure éb are two other common é READINGCHECK 
examples of nonpoint sources of water pollution. Because it is difficult to 
monitor and regulate nonpoint sources, the most effective solutions are often 
public awareness campaigns emphasizing responsible disposal practices. As 
Figure 7 illustrates, lawn care in the United States is a major nonpoinft source 
of water pollution. 

The rate of water contamination from many point sources has decreased 
markedly since the passing of the Clean Water Act of 1972 and its subsequent 
amendments. Prior to 1972, the user of a water supply, such as a municipality, 
was responsible for protecting the supply. Because it is far more efficient to 
control water pollutants before they are released into the environment, the 
Clean Water Act shifted the burden of protecting a water supply to anyone 
discharging wastes into the water, such as a local industry. 


What are two sources of nonpoint 
water pollution? 


⁄/ \\Q DUAPIIG ^m, 
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^ Figure ó 

(a) This technician is assessing the clarity of the effluent coming from a wastewater treatment 
facility, a common point source of pollution. (b) Nonpoint sources are not so easily regulated 
and depend more on public awareness. 
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Municipal 
wastewater 
plant 


disposal site Soil erosion 


River. 


ƒ 


Septic Leaking 

system underground 
¡| storage tank 
LỊ 


^ Figure 7 

Lawns cover 25 to 30 million acres in the 
United States, an area larger than Virginia. 
People taking care of these lawns use up 
†o two and a half times more pesticides 
per acre than farmers use on croplands. 


^ Figure 8 
The arrows indicate some major sources of groundwater contamination. 


'When rivers and lakes become polluted, they can be cleaned because they are 
accessible. When groundwater becomes polluted, however, its a different story. 
Even after the sources of the pollution have been removed, it can be a lifetime 
before the contaminants are removed, not only because the groundwater is sO 
inaccessible but also because the flow rate of many aqulfers is extremely slow—on 
the order of only a few centimeters per day! As shown in Figure 8, groundwater 1s 
susceptible to a wide variety of poïnt and nonpoint pollution sources. 

Municipal solid-waste disposal sites are a common source of groundwa- 
ter pollution. Rainwater infiltrating a disposal site may dissolve a variety 
of chemicals from the solid waste. The resulting solution, known as leach- 
ate, can move into the groundwater, forming a contamination “plume” that 
spreads in the direction of groundwater flow, as shown in Figure 9. To reduce 
the chances of groundwater contamination, the site can be underlain and 
capped with layers of compacted clay or plastic sheeting that prevent leachate 
from entering the ground. A collection system designed to catch any draining 
leachate may also be used. 


) Figure 9 
A contaminant plume of leachate spreads 
in the direction of groundwater flow. 


Solid-waste 
disposal site 
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Another common source of groundwater pollution is sewage, which 
includes drainage from septic tanks and inadequate or broken sewer lines. 
Animail sewage, especially from factory-style animal farms, is also a source 
of groundwater (and river water) pollution. Sewage water contains bacteria, 
which if untreated can cause waterborne diseases such as typhoid, cholera, 
and infectious hepatitis. lf the contaminated groundwater travels relatively 
quickly through underground sediments in which there are large air pockets, 
bacteria and viruses can be carried considerable đistances. However, if the 
contaminated groundwater flows through underground sediments in which 
the air pockets are very small, as is the case with sand, pathogens are filtered 
out of the water. 


COÔNCEP rTLCHECK 


What ¡is the difference between a point source and a nonpoint source of 
pollution? 


CHECK YOUR ANSWER_ A point source arises from a specific location—you can 
pinpoint it on a map. A nonpoint source represents a collection of many sources, each 
difficult to trace. To specify a nonpoint source on a map, you need to draw a circle. 


Microorganisms in Water Alter Levels 
of Dissolved Oxygen 


Naturally occurring water is alive with organisms. At the microscopic level, 
there are microorganisms, some of them disease-causing and others benign. 
One of the natural functions of these microorganisms is breaking down 
Organic matter. The body of a dead fish, for example, does not remain at the 
bottom of a pond forever. Instead, microorganisms such as bacteria digest the 
Organic matter into small compounds of carbon, hydrogen, oxygøen, nitrogen, 
and sulfur. 

We identify bacteria as either aerobic or anaerobic. Aerobic bacteria 
decompose organic matter only in the presence of oxygen, O;. Anaerobic 
bacteria can decompose organic matter in the absence of oxygen. The products 
of aerobic decomposition are entirely different from the products of anaerobic 
decomposition. Aerobic bacteria in water utilize oxygen dissolved in the water 
to transform organic matter to such compounds as carbon dioxide, CO;, water, 
HO, nitrates,NOs „ and sulfates, SO/ˆ. All of these products are odorless and, 
in the quantities produced, cause little harm to the ecosystem. Anaerobic bac- 
teria in water use different chemical mechanisms to decompose organic matter 
to such products as methane, CH¡ (which is flammable); foul-smelling amines 
such as putrescine, NH;C,H;ạNH;; and foul-smelling sulfur compounds such 
as hydrogen sulfide, H5. Cesspools owe their wretched stink to a lack of dis- 
solved oxygen and the resulting anaerobic decomposition. 

When organic matter is introduced into a body of water, aerobic bacteria 
need (or “demand”) dissolved oxygen to decompose the organic matter. The 
term used to describe this demand ¡s biochemical oxygen demand (BOD). As 
more organic matter ¡is introduced, the BOD increases, resulting in a drop in 
the amount of đissolved oxygen as the bacteria use more and more oÝ it to do 
their work. If too much organic matter is introduced (say, from the outfall of a 
sewage treatment plant), dissolved oxygen levels can get so low that aquatic 
Organisms sfart to die, as shown in Figure 10. Aerobic bacteria start to work 
on the bodies of these dead organisms, which lowers the oxygen level even 
further, killing off even the hardiest aquatic organisms. Ultimately, the dis- 
solved oxygen level reaches zero. At this point, the noxious anaerobic bacteria 
take Over. 


CHEMICAL 
CONNECTIONS 


How is a disposable plastic 
water bottle connected to the 
middle of an ocean? 


TẢ" ôÔôÔ 


What do aerobic bacteria utilize to 
transform organic matter? 


& FORYOUR 
INFORMATION 


What is the best way to treat 

water containing organic wastes? 
Add air because air contains the 
oxygen needed to support aerobic 
decomposition. Conventional 
secondary wastewater plants use 
electric energy to blow air into the 
wastewater. This aeration consumes 
60 percent or more of the total 
electric energy usedl in wastewater 
treatment (see Section 4). In an 
advanced integrated pond (AIP) 
system, good for communities of 
fewer than 10,000 people, algae 
and other plants use solar energy 
and photosynthesis to saturate the 
wastewater directly with oxygen. AIP 
systems are particularly applicable in 
Sun Belt communities, where solar 
eneroy is plentiful, and in developing 
nations, where the supply of electric 
energy is minimal or nonexistent. 
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) Figure 10 

Sewage entering a river dramatically 
decreases the level of dissolved oxygen 
in the water. Because it takes time for 
aerobic bacteria to decompose organic 
wastes and because rivers flow, the 

drop in dissolved oxygen is often most 
pronounced far downstream. Fish start to 
die when the concentration of dissolved 
oxygen dips below 3 milligrams/liter as 
represented by the dashed line. Once the 


sewage is consumed, the dissolved oxygen 


level begins to rise, shown here occurring 
after 50 km. 


^ Figure 11 

This algal blböom consumes oxygen dis- 
solved in the water and prevents atmo- 
spheric oxygen from mixing into the pond, 
thereby choking off aquatic life. 


LEARNING OBJECTIVE 


Identify the four stages of 
wastewater treatment. 
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CÔN (CEPTCHECRK 


Which should have a greater capacity to decompose organic matter aero- 
bically: a still pond or a babbling brook? 


CHECK YOUR ANSWER' The capacity for aerobic decomposition ¡is limited by 
the amount of dissolved oxygen. In a babbling brook, aeration guarantees that any 
dissolved oxygen lost to aerobic decomposition is quickly replaced. This is not so with 
a still pond. Cubic meter for cubic meter, a babbling brook has a greater capacity to 
decompose organic matter aerobically. 


In addition to organic wastes, inorganic wastes such as nitrate and phos- 
phate ions from fertilizers can also cause the level of dissolved oxygen to đrop. 
These Ions are nutrients for algae and aquatic plants, which grow rapidly ¡in the 
presence of the ions, an event called an aleal bloơœm. Significantly, the plants and 
algae in a bloom consume more oxygen at night than they produce through 
photosynthesis during the day. Also, in some instances, a bloom can cover the 
surface of a body of water, as shown ¡in Figure 11, effectively choking off the 
supply of atmospheric oxygen. As a result, aquatic organisms suffocate and fall 
to the bottom, along with large amounts of dead algae. Aerobic microorganisms 
decompose this organic matter to the point that the water loses all 1ts dissolved 
oxygen and anaerobic microorganisms start functioning. This process whereby 
inorganic wastes fertilize algae and plants and the resulting overerowth reduces 
the concentration of dissolved oxygen in the water is called eutrophication, from 
the Greek word for “well nourished.” 


4 Wastewater Treatment 


EXPLAIN THIS 


What chemical holds the record for saving the most lives? 


The contents of the sewer systems that underlie most municipalities must 
be treated before being released into a body of water. The level of treatment 
depends in great part on whether the treated water is to be released into a river 
or into the ocean. Wastewater destined for a river requires the highest level of 
treatmernt for the benefit of communities downstream. 
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Settling basin 


Insoluble-waste screen Skimmer 


Grit chamber 


To secondary 
treatment or 
outfall 


Grit 
Raw To solid-waste 


sewage  disposal site To solid-waste 
disposal site 


^ Figure 12 
A schematic for primary-level wastewater treatment. The rotating skimmer on the settling basin 
is used to remove buoyant materials and artifacts not captured by the screening process. 


Human waste loses its form by the time it reaches the wastewater facility, and 
the wastewater appears as a murky stream. In this stream, however, are many 
insoluble products—including small plastic items and gritty material such as cof- 
fee prounds. Hardened balls of grease from discarded cooking fats are also found. 
The initial step in all wastewater treatments, therefore, involves the screening out 
of these insolubles. (You should know that wastewater treatment experts point out 
that these insolubles—even cooking ørease—should be disposed of as solid waste 
and not be washed down the draïn or flushed down the toilet.) 

After screening, which may include the use of a grit chamber, the next level 
of municipal wastewater treatment is ørmary treatment. In primary treatment, 
screened wastewater enters a large settling basin, where suspended solids settle 
out as sludge (Figure 12). After a period of time, the sludge is removed from the 
bottom of the settling basin and is often sent đirectly to a landfill as solid wastes. 
Some facilities, however, are equipped with large furnaces in which dried sludge 
1s burned, sometimes along with other municipal wastes such as paper products. 
The resulting ash is more compact and takes up less space in a landfill. 

Wastewater effluent from primary treatment, as well as higher levels of 
treatmert, is commonly disinfected with either chlorine gas or ozone prior to 
1ts release into the environment. A great advantage of using chlorine gas 1s that 
1t remains in the water for an extended time after leaving the facility. This pro- 
vides for residual protection against diseases. The chlorine, however, reacts with 
Organic compounds within the effluent to form chlorinated hydrocarbons, many 
of which are known carcinogens (cancer-causing agents). Also, chlorine kills 
only bacteria, leaving viruses unharmed. Ozone is more advantageous in that it 
kills both bacteria and viruses. Also, there are no carcinogenic by-products that 
result from treating wastewater effluent with ozone. A disadvantage of ozone, 
however, ¡is that it provides no residual protection for the effluent once it is 
released. Most facilities in the United States use chlorine for disinfecting, whereas 
European facilities tend to favor ozone. In a few locations, chlorine and ozone 
gases have been replaced by strong ultraviolet lamps, which, like ozone, kill both 
bacteria and viruses but provide no long-term residual protection. 

The potential for pathogens to grow ¡in primary effluent is extremely hiph, 
and by virtue of the Clean Water Act of 1972, the release of primary effluent is not 
permitted in most places. A frequently used secondar level of treatment, shown 
in Figure 13, involves first passing the primary effluent throuph an aeration tank. 
This supplies the oxygen necessary for continued decomposition of organic mat- 
ter by oxygen-dependent aerobic bacteria. The effluent is then sent into a tank 
where any fine particles not removed in primary treatment can settle. Because 
sludge from this settling step is high ¡in aerobic bacteria, some of it is recycled 
back to the aeration tank to increase efficiency. The remainder of the sludge is 
hauled off to a landfill or an incinerator. 


".-..‹-..-- 


What happens to the solids of 


wastewater during primary treatment? 


&@ FORYOUR 
INFORMATION 
In Hong Kong, about 80 percent 
of all toilets flush using seawater. 
Developed since the 1960s, this 
system now saves the equivalent 


of about 25 percent of fresh water 
consumption. Also, effluent from 


fresh water activities, such as personal 


hygiene and dishwashing, is treated 
and reused for watering city trees. 
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&@ FORYOUR 
INFORMATICON 
For dwellings in remote locations 
such as summer cabins, many people 
are opting for composting toilets, 
which use no water. Rather, they 
allow human waste to decompose 
aerobically (with oxygen) as air is 
vented over the waste, which is 
buried in peat moss. Dried, odor-free 
compost, which is removed every few 
months, is useful as a garden fertilizer. 


LEARNING OBJECTIVE 
Describe the formation and 


composition of the Earth'S 
atmosphere. 
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or outfall 
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site or incinerator 


^ Figure 13 


A schematic for secondary treatment of wastewater from a municipal system. 


Many municipalities also require a third level, a ferfar level, of waste- 
water treatment. There are a number of tertiary processes, and most involve 
filtration of some sort. A common method is to pass secondary-level effluent 
through a bed of finely powdered carbon, which captures most of the particu- 
late matter and many of the organic molecules not removed in earlier stages. 
The advantage of tertiary-level treatment is greater protection of our water 
resources. Unfortunately, tertiary treatment is costly and is normally used only 
in situations in which the need is deemed vital. Primary and secondary levels 
of treatment are also not without great cost. 


COÔONCEPTCHECK 


Distinguish among the main functions of primary, secondary, and  tertiary 
wastewater treatment. 


CHECK YOUR ANSWER Primary wastewater treatment removes the bulk of 
solid waste and  sludge from the sewage effluent using screening devices and  large set- 
tling basins. Secondary treatment provides oxygen to oxygen-dependent bacteria that 
serve to decompose organic matter. Tertiary treatment removes bathogens and wastes 
not removed by earlier treatments by filtering the effluent through beds of powdered 
carbon or other fine particles. 


5 The Earth's Atmosphere ls a Mixture of Gases 


EXPLAIN THIS 
Why is there no atmosphere on the Moon? 


Tf the Sun no longer provided heat, as represented in Figure 14a, the air molecules 
surrounding our planet would settle to the ground——much like popcorn at the 
bottom of an unplugged popcorn machine. Plug m the popcorn machine and 
the exploding kernels bumble their way to higher altitudes. Likewise, add solar 
energy to the air molecules and they, too, bumble their way to higher altitudes. 
Popcorn kernels attain speeds of 1 meter per second and can rise 1 or 2 meters. 
But solar-heated air molecules move at about 1600 kilometers per hour, and a 
few make their way up to more than 50 kilometers in altitude. Figure 14b shows 
that if there were no gravity, air molecules would fly into outer space and be lost 
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(a) Atmosphere with gravity but no solar (b) _ Atmosphere with solar heat but (c) Atmosphere with solar heat and gravity: 
heat: molecules lie on the Earth's no gravity: molecules escape into molecules reach high altitudes but are 
surface. Outer space. prevented from escaping into outer space. 

^ Figure 14 


Our atmosphere is a result of the actions of both solar heat and gravity. 


from our planet. Combine heat from the Sun with the Earth/s gravity, however, as 
in Figure 14c, and the result is a layer of air more than 50 kilometers thick that we 
call the afosphere. This atmosphere provides oxygen, nitrogen, carbon dioxide, 
and other gases needed by living organisms. It protects the Earth“s inhabitants by 
absorbing and scattering cosmic radiation. It also protects us from being rained 
on by cosmic debris, because any material headed toward the Earth burns up 
before reaching us. lt is the heat generated by friction between the flying debris 
and our atmosphere that causes the debris to burn. 

Table 1 shows that the Earth/s present-day atmosphere is a mixture of CHEMICAL 
8ases—primarily nitrogen and oxygen, with small amounts of argon, carbon < CONNECTIONS 
dioxide, and water vapor and traces of other elements and compounds. This Eftalsitba anasdlb 

sử p phere 
has not always been the composition of the Earth“s atmosphere. Oxygen, #biiterze rlitsiilie Iesf' Sĩ 
for example, was not a component until the evolution of photosynthesis in ion 
primitive life-forms 3 billion years ago. Carbon dioxide levels have also varied 
significantly over time. 

We have adapted so completely to the invisible air around us that we 
sometimes forget it has mass. At sea level, 1 cubic meter of air has a mass 
of 1.18 kilograms. So the air in an average-sized room has a mass of about 
60 kiloprams—about the average mass of a human. 

When you are under water, the weight of the water above you exerts a Dres- 
sure that pushes against your body. The deeper you go, the more water there is 
above you and hence the greater the pressure exerted on you. The behavior of 


TABLE 1 Composition of Earth's Atmosphere 


GASES HAVING FAIRLY CONSTANT PERCENT BY GASES HAVING VARIABLE PERCENT BY 
CONCENTRATIONS VOLUME CONCENTRATIONS VOLUME 


Nitrogen, N; 78 Water vapor, H,O 0 to 4 
Oxygen, O„ 21 Carbon dioxide, CO, 0.034 
Argon, Ar 0jV) Ozone, O; 0.000004* 


Neon, Ne 0.0018 Carbon monoxide, CO 0.00002* 
Helium, He 0.0005 Sulfur dioxide, SO„ 0.000001* 
Methane, CHự 0.0001 Nitrogen dioxide, NO, 0.000001* 
Hydrogen, H, 0.00005 Particles (dust, pollen) 0.00001* 


*Average value in polluted air. 
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Why is it generally warmer in a valley 
than at the top of a mountain? 


&@ FORYOUR 
INFORMATICON 
Where is the atmospheric pressure 
greater: at the top or bottom of a 
9-inch roundl balloon? Interestingly, 
the pressure on the bottom side of 
the balloon is sufficiently greater to 
result in a small net force upward. 
We call this net force upward the 
buoyant force, which for a 9-inch 
balloon equals about 0.0145 pound. 
lf the balloon weighs more than 
0.0145 pound (ó.58 grams), it falls. 
But if it weighs less, it rises, which 
is the case when the balloon is filled 
with helium. The air beneath your 
feet is deeper than the air at your 
head, so is there a bouyant force 
acting on you as well? lf it weren“t for 
the air, would your measured weight 
read more or less? 


) Figure 15 
The two lowest atmospheric layers— 
troposphere and stratosphere. 
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air is the same. Because air has mass, gravity acts upon the air, giving it weight. 
The weight of the aïr, in turn, exerts a pressure on any object submerged in the 
air. This pressure is known as atmospheric pressure, and the deeper you øo in 
the atmosphere, the greater this pressure becomes. At sea level, you are at the 
bottom of an “ocean of air,“ so the atmospheric pressure is greatest. Climb a 
mountain so that you are no longer so deep and the atmospheric pressure is 
less. Venture above the atmosphere and you have entered space, where there is 
no atmospheric pressure. 

lf you have ever gone mountain climbing, you have probably noticed that 
the air grows cooler with increasing elevation. At lower elevations, the aïr is 
generally warmer. This is because the Earth“s surface radiates much of the heat 
1t absorbs from the Sun. As this heat radiates upward, it warms the air—an 
effect that decreases with increasing distance from Earth“s surface. 

You have probably also noticed that the air grows less dense with increasing 
elevation; that is, there are fewer air molecules to breathe for a given volume. 
You can understand why this is so by considering a deep pile of feathers. 
At the bottom of the pile, the feathers are squished together by the weight of the 
feathers above. At the top of the pile, the feathers remain fluffy and are much 
less dense. For the same reasons, air molecules close to the Earth/“s surface are 
squeezed together by the greater atmospheric pressure. With increasing eleva- 
tion, the density of the air gradually decreases because of decreasing atmospheric 
pressure. Unlike a pile of feathers, however, the atmosphere doesn/t have a dis- 
tinct top. Rather, it pradually thins to the near vacuum of outer space. More than 
half of the atmosphere's mass lies below an altitude of 5.6 kilometers, and about 
99 percent lies below an altitude of 30 kilometers. 

Scientists classify the atmosphere by dividing it into layers, each layer dis- 
tinct in its characteristics. The lowest layer ¡is the troposphere, which contains 
90 percent of the atmospheric mass and essentially all of the atmosphere/s 
water vapor and clouds, as Figure 15 shows. This is where weather OCCUrs. 
Commercial jets generally fly at the top of the troposphere to minimize the buf- 
feting and jostling caused by weather disturbances. The troposphere extends to 
a height of about 16 kilometers. Its temperature decreases steadily with increas- 
¡ng altitude. At the top of the troposphere, temperatures average about —50°C. 

Above the troposphere ¡is the stratosphere, which reaches a height of 
50 kilometers. In the stratosphere, at an altitude of 20 to 30 kilometers, lies the 
0zone layer. Stratospheric ozone acts as a sunscreen, protecting the Earth“s sur- 
face from harmful solar ultraviolet radiation. Stratospheric ozone also affects 
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stratospheric temperatures. At the lowest altitudes, the temperature is coolest, 
because of the solar screening effect of ozone; air at this altitude ¡s literally in 
the shade of ozone. At higher altitudes, less ozone is available for shading and 
temperature increases all the way to a warm 0°C at the top of the stratosphere. 


(Œý (Ó} |N| (2 IS lƑ 1J (S [n| |3 (6 |,é 
What effect does the Earth's gravity have on the atmosphere? 


CHECK YOUR ANSWER' The Earth's gravity pulls molecules in the atmosphere 
downward, preventing them from escaping into outer space. 


CALCULATION CORNER DENSE AS AIR 


Knowing the density of air (1.18 kilograms/cubic meter),* 
1Fs a straightforward calculation to find the mass Of air for 
any given volume—simply multiply air“s density by the 
volume. In the example given in the text, the volume of the 
averaged-sized room was assumed to be 4.00 meters < 4.00 
meters x 3.00 meters = 48.0 cubic meters. Thus, the mass of 
the aïr in the room 1s 


ANSWER 
Each cubic meter of air has a mass of 1.25 kilograms, so 
796 mở x 1.18 kg/m = 939 kg 


which is as much as the combined mass of 15 students having 
a mass of about 63 kilograms (138 pounds) each. 


1.18kg/mồ x 48.0 mồ = 56.6 kg YOUR TURN 


Tf you re curious to know how many pounds this is, multi- 
ply by the conversion factor 2.20 pounds/1 kilogram: 


56.6 kg x 2.20 Ib/kg = 125 lb 


EXAMPLE 


'What is the mass in kilograms of the air in a classroom that 
has a volume of 796 cubic meters? 


*This assumes a temperature of 25°C and a pressure of 


chapter. 
1 atmosphere. di) 


6 Human Activities Have lncreased Air Pollution 


EXPLAIN THIS 
Is the solution to pollution dilution, or should the convention be prevention? 


Any material in the atmosphere that is harmful to health is defined as an 47 
pollutant. Qne major source of air pollutants is volcanoes. The largest volcanic 
blast of the 20th century, for example, was the 1991 eruption of Mount Pinatubo 
in the Philippines, an eruption that released 20 million tons of the noxious øas 
sulfur dioxide, SO;. As Figure 1ó shows, this sulfur dioxide managed to travel 
all the way to India in only 4 days. 

In a number of ways, however, humans have surpassed volcanoes as 
sources of pollution. In the United States alone, for example, industrial and 
other human activities have been depositing about 20 million tons of sulfur 
dioxide ín the air £øer4/ 1/ear since around 1950. By one estimate, human activi- 
ties account for about 70 percent of all sulfur that enters the global atmosphere. 

To stem the human production of air pollutants, the U.S. government 
passed the Clean Air Act in 1970. This act regulated the gaseous emissions of 
Various industries but was not comprehensive. An amendment in 1977 greatly 


1. What is the mass in kilopgrams of the air in an “empty” 
nonpressurized scuba tank that has an internal 
volume o£ 0.0100 cubic meter? 


2. What is the mass in kilograms of the air in a scuba 
tank that has an internal volume of 0.0100 cubic meter 
and is pressurized so that the density of the air in the 
tank is 240 kilopgrams/cubic meter? 


The anstuers for CalculaHion Corners appear at the end oƒ the 


LEARNING OBJECTIVE 


Differentiate aerosols from 
particulates and industrial smog 
from photochemical smog. 
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Mt PInatubo. 


JN 17, 189 
JUN 17, 1991 JUN 19, 1991 


^ Figure 1ó 

The cloud of sulfur dioxide generated by the June 15, 1991, eruption of Mount Pinatubo 
reached India in 4 days. (The black strips are where satellite data are missing.) By July 27, 
the sulfur dioxide cloud had traveled around the globe. 


restricted car emissions, and the most recent anendment, enacted in 1990, over- 
hauled the act by regulating the emissions of nearly all air pollutants, including 
aerosols, parHiculates, and the components Of s1oe. 


Aerosols and Particulates Facilitate Chemical 
Reactions Involving Pollutants 


Airborne solid particles, such as ash, soot, metal oxides, and even sea salts, 
play a major role in air pollution. Particles up to 0.01 millimeter in diameter 
(too small to be seen with the naked eye) attract water droplets and thereby 
form aerosols that may be visible as fog or smoke. Aerosol particles remain 
suspended ¡n the atmosphere for extended periods of time and, as Figure 17 
shows, serve as sites for many chemical reactions involving pollutants. 

Larger solid particles, called particulates, tend to settle to the ground faster 
than the particles that form aerosols and hence do not play as big a role in 
facilitating atmospheric chemical reactions. While they are airborne, however, 


Solid particle 
<0.01 mm Hydrocarbons Hydrocarbons 


⁄ 
Aldehydes, 
ketones 


Aldehydes, 
ketones 


SÙb 
^ Figure 17 
(a) Micrograph of aerosols in the atmosphere. (b) An aerosol is the site of many chemical reac- 


tions involving pollutants. Water surrounding the solid particle attracts airiborne molecules that 
then readily react in aqueous solution before being released back into the atmosphere. 
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particulates obscure visibility. Atmospheric particulates (and aerosols) also 
have a global cooling effect because they reflect sunlight back into space. The 
particulates and aerosols emitted by massive volcanic eruptons have been 
known to have a profound impact on the weather. A series of eruptions in 
Indonesia around 1815, for example, led to freezing summer temperatures and 
brutal winters over mid-latitude regions such as New England and Europe. 
Crops perished and famines ensued. The effect was most pronounced during 
1816, which became known as the “year without a summer.” 

Industries use a variety of techniques to cut back on emissions of solid 
particles. Physical methods include filtration, centrifugal separation, and 
scrubbing, which, as Figure 18 shows, involves spraying gaseous effluents 
with water. Another method, electrostatic precipitation, shown in Figure 19, is 
energy intensive but more than 98 percent effective at removing particles. 


There Are Two Kinds of Smog 


The term sog was coined in 1911 to describe a poisonous mixture of smoke, 
fog, and air that settled over the city of London and killed 1150 people. Snog 
has since grown to be a major problem, especially over urban areas, where 
industrial and human activities abound. 

Weather plays an important role in smog formation. Normally, air warmed 
by the Earth“s surface rises to the upper troposphere, where pollutants are dis- 
persed, as shown in Figure 20a. Parcels of dense, cold air, however, sometimes 
settle below warm aïr in a femperature 1uersion, shown in Figure 20b. Now the 
air tends to stagnate, which allows a buildup of air pollutants. Temperature 
inversions may occur just about anywhere, but local geographies make some 
areas more prone to them than others. The smog of Los Angeles, for example, 1s 
trapped by an inversion created when low-level cold air moving eastward from the 
Ocean is capped by a layer of hot air moving westward from the Mojave Desert. 
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^ Figure 18 

During scrubbing of industrial gaseous 
effluents, a fine mist of water captures and 
removes solid particles that have diameters 
as small as 0.001 millimeter. 


FORYOUR 


&@ INFORMATION 


Aerosols and particulates in the 
atmosphere help to keep the Earth 
cool by reflecting solar radiation 
back into space. This effect, known 
as “global dimming,” appears to 
have masked the full impact of 
global warming. Efforts to clean the 
air of aerosols and particulates may 
have the effect of hastening global 
Warming. 


4 Figure 19 

(a) Particles in industrial gaseous efflu- 
ents become negatively charged by 

an electrode and are attracted to the 
positively charged wall of the electrostatic 
precipitator. Once it touches the wall, a 
particle loses its charge and falls into a 
collection bin. (b) Smokestacks with and 
without electrostatic precipitators. 
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) Figure 20 

(a) Smog is removed by rising warm air. 

(b) In a temperature inversion, smog is 
trapped as cool air settles below warm air. 
(The normal scheme of cool above warm is 
inverted.) 


"H..--‹s:<‹ 


What are the two types of smog? 


582 


Protecting Water and Air Resources 


Cool air 


s4 50 S2 Warellaik,(5(65-‹ 


(a) 


Hot air from 
desert 
Warm air cố sài 


_— ——— 


mperature inversion 


BE => 1 —— 


Cool air from 
ocean `=. 
_— 


.—— 


. + +Coolairs.e°, +” 


(b) 


'lemperature inversions tend to disperse at night because air at higher altitudes 
cools more quickly than does lower air, which 1s closer to the Earth/s warm surface. 
This is one reason the skies in many urban areas tend to have less smog in the early 
morning than in the late afternoon. 


CON CEPTCHECK 


Why are temperature inversions more common during the day than 
at night? 


CHECK YOUR ANSWER_ A temperature inversion occurs when a body of warm 
air sits above a body of denser cold air. The higher air is warmedl by the heat of the Sun, 
which ¡is out only during the day. 


There are two types of smog: industrial and photochemical. Industrial 
smog, produced largely from the combustion of coal and oil, is hiph ín particu- 
lates. Its main chemical ingredient, however, is sulfur dioxide, which accumu- 
lates in the water coating of aerosols and is transformed to sulfuric acid: 


2 SO; + œ; => MÀ SO; 
Sulfur dioxide Oxygen Sulfur trioxide 
SQOa *F HO =a H;SƠO¿ 
Sulfur trioxide Water Sulfuric acid 


Breathing aerosols containing even very low concentrations of sulfuric acid can 
cause severe breathing distress. A airborne sulfuric acid is also a leading cause 
of acid rain. 

Although many industries still exceed federal standards regulating sulfur 
emissions, levels of industrial smog have dropped markedly since the pas- 
sage of the 1970 Clean Air Act and its subsequent amendments. In the future, 
however, maintaining low levels of sulfur dioxide emissions will become more 
difficult as both national eceonomies and world population continue to ørow. 
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Photochemical smog consists of pollutants that participate either directly or 
indirectly in chemical reactions induced by sunlight. These pollutants are pre- 
dominantly nitrogen oxides, ozone, and hydrocarbons, and their prime source 
1s the internal-combustion engine. In the combustion chamber, oxygen is mixed 
with vaporized hydrocarbons for the production of heat, which causes an expan- 
sion of gases that drives the pistons power stroke. Atmospheric nitrogen is also 
present, however, and at the high temperatures characteristic of internal-combustion 
engines, the nitrogen and oxygen form nitrogen monoxide: 


heat + N; + O;—2NO 


NÑitrogen monoxide is fairly reactive. Once released from the engine, it reacts 
rapidly with atmospheric oxygen to form nitrogen dioxide: 


2NO + O;—>2NO; 


Nitrogen dioxide is a powerful corrosive agent that acts on metal, stone,and even 
humantissue. Itsbrown coloris responsible for thebrown haze typically seen over 
a polluted city. Sunlight initiates the transformation of nitrogen đioxide to nitric 
acid, HNO;, which, along with sulfuric acid, is a prime component of acid raïin. 
In aerosols, sunlight splits nitrogen dioxiđe into nitrogen monoxide and atomic 
Oxygen: 


sunlight + NO;—>NO + O 


The nitrogen monoxide reacts with atmospheric oxygen to re-form nitrogen 
đioxiđe, and the atomic oxygen reacts with atmospheric oxygen to form ozone: 


O+ O; >O 


Ozone ¡is a pungent pollutant. lt causes eye irritaton and at high 
levels can be lethal. Plant life suffers when exposed to even relatively low 
concentrations of ozone, and it causes rubber to harden and turn brittle. To 
protect tires from ozone, manufacturers have incorporated paraffin wax, 
which reacts preferentially with the ozone, sparing the rubber. Ozone is also 
formed by natural processes in the Earth“s stratosphere, where it filters out 
as much as 95 percent of the Sun“s ultraviolet rays. So at the Earth“s surface, 
ozone is a harmful pollutant, while 25 kilometers straight up it serves as a 
sunscreen and is vital for the good health of all living organisms. 

A profile of average urban concentrations of nitrogen monoxide, nitrogen 
đioxide, and ozone is given in Figure 21. Early morning rush hour causes a 
rapid increase in nitrogen monoxide, which by mid-morning has largely been 
converted to nitrogen dioxide. On a sunny day, following nitrogen dioxide for- 
mation, ozone levels begin to peak. In the absence of a temperature inversion, 
late-afternoon winds clear the pollutants away. After a night of calm, the cycle 
begins again. 


*ppm = parts per million 


4 Figure 21 

The average daily concentration of 
nitrogen monoxide, nitrogen dioxide, 
and ozone in Los Angeles. 


583 


^ Figure 22 

Some gasoline nozzles are equipped with 
a jacket that keebs gasoline vapors from 
escaping into the atmosphere. lnstead, the 
vapors are directed back to the main tank 
of the gas station through a secondary 
hose hidden within the nozzle. 


LEARNING OBJECTIVE 


Describe the greenhouse effect 
and potential environmental 
impacts of increased levels of 
atmospheric carbon dioxide. 


) Figure 23 

Glass acts as a one-way valve, letting 
visible light in and preventing infrared 
energy from exiting. 
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Another class of components in photochemical smog 1s hydrocarbons, such 
as those found in gasoline. In the presence of ozone, airborne hydrocarbons are 
transformed to aldehydes and ketones, many of which add to the foul odor of 
smog. Also, incomplete combustion of gasoline leads to the release of ?olcuclic 
aromaHc hựdrocarbơns, which are known carcinogens. Significant amounts of 
hydrocarbons are also released each time a car is filled with gasoline. Because 
gasoline is a volatile liquid, any aïr in a closed tank of gasoline is loaded with 
gasoline vapors—even when the tank ¡is nearly empty. Every time you fill up 
at the pump, these vapors, about 10 grams worth, are displaced and vented 
đirectly into the atmosphere. Newer gasoline pumps have nozzles designed to 
trap most of these vapors, as shown in Figure 22. 


CO NCEETCHECK 


How does the Sun helb disperse air pollutants? 


CHECK YOUR ANSWER Sunlight warms the ground, which in turn warms the 
air, which then rises, carrying with it many air pollutants. 


7 Carbon Dioxide Helps Keep the Earth Warm 


EXPLAIN THIS 
How might warmer oceans accelerate global climate change? 


Park your car with its windows closed in the bright sun and its interior soon 
becomes quite toasty. The inside of a greenhouse is similarly toasty. This 
happens because glass is transparent to visible light but not to infrared, as 
illustrated ¡in Figure 23. W wavelengths of visible light are shorter than wav- 
lengths of infrared. Visible light wavelengths range from 400 nanometers to 
740 nanometers, while infrared wavelengths range from 740 nanometers to a 
million nanometers. Short-wavelength visible light from the Sun enters your 
car or a preenhouse and warms various objects—car seats, plants, soil, what- 
ever. The warmed objects then emit infrared energy, which cannot escape 
throupgh the glass; so the infrared energy builds up inside, increasing the 
temperature. 

A similar effect occurs in the Earth/s atmosphere, which, like glass, is 
transparert to visible lipht emitted by the Sun. The ground absorbs this energy 
but radiates infrared waves. Atmospheric carbon dioxide, water vapor, and 


Shor†-woveleng†h visible. ligh† 
.. from †he Sun is †ransmi††ed 
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Solar visible light—__ 


Greenhouse 
gases 


other select gases absorb and re-emit much of this infrared energy back to 
the ground, as Figure 24 illustrates. This process, called the greenhouse 
effect, helps keep the Earth warm. The greenhouse effect ¡is quite desirable, 
because the Earth/s average temperature would be a frigid -18°C. without 
it. Greenhouse warming also occurs on Venus, but to a far greater extent. 
The atmosphere surrounding Venus ¡is much thicker than the Earth/s atmo- 
sphere, and its composition is 95 percent carbon dioxide, which brings surface 
temperatures to a scorching 450C. 


CONCEPTCHECK 


What does it mean to say that the greenhouse effect ¡s like a one-way 
valve? 


CHECK YOUR ANSWER Both the Earths atmosphere and glass allow incoming visible 
waves to pass, but not outgoing infrared waves. As a result, radiant energy is trapped. 


The role of carbon dioxide as a greenhouse gas is well documented. 
Core samples from polar ice sheets, for example, show a close relationship 
between atmospheric levels of carbon dioxide and global temperatures over 
the past 400,000 years. shown in the graph in the Contextual Chemistry essay 
at the end of Chapter 1. Ancient air in bubbles trapped in the ice core, shown 
in Figure 25, can be sampled directly. The age of the air is a function of the 
depth of the core. Past global temperatures are determined by measuring the 
deuterium/hydrogen ratio in the trapped air. When global temperatures are 
relatively high, the ocean is warmer and larger fractions of water containing 
deuterium evaporate from the ocean and fall as snow. A high deuterium/ 
hydrogen ratio therefore indicates a warmer climate. 


(a) 


4 Figure 24 

The greenhouse effect in the Earth“s 
atmosphere. Visible light from the Sun 

is absorbed by the ground, which then 
emits infrared radliation. Carbon dioxide, 
water vapor, and other greenhouse gases 
in the atmosphere absorb and  re-emit heat 
that would otherwise be radiated from the 
Earth into space. 


"-.....-‹ 


How do we know of the close 
relationship between carbon dioxide 
and global temperatures? 


4 Figure 25 

(a) lce cores reveal information about 
ancient climates. (b) Crystals of ice 
photographed in polarized light reveal 
tiny air bubbles containing ancient air. 
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There is strong evidence that recent human activities, such as the burning 
of fossil fuels and deforestation, are responsible for some dramatic increases in 
atmospheric carbon dioxide levels. Prior to the Industrial Revolution, carbon 
dioxide levels were fairly constant at about 280 parts per million, as shown in 
Figure 26. During the 1800s, however, levels began to climb, reaching a level of 
300 parts per million in about 1910. Today“s level is around 390 parts per mil- 
lion. Interestingly, ice samples dating as far back as 400,000 years do not show 
atmospheric carbon dioxide levels exceeding 300 parts per million. In step 
with these increases, average global temperatures since 1860 have increased by 
about 0.8°C. (Since 1950, the increase has been about another 0.5°C.) Current 
estimates are that a doubling of today“s atmospheric carbon dioxide levels will 
increase the average global temperature by an additional 1.5°C to 2.5°C. 

Carbon dioxide ranks as the number-one gas emitted by human activi- 
ties. When speaking of atmospheric pollutants such as sulfur dioxide, we 
talk in terms of millions of tons. The amount of carbon dioxide we pưmp into 
the atmosphere, however, is measured in billions of tons, as Figure 27 shows. 
A single tank of gasoline in an automobile produces up to 90 kilograms of 
carbon dioxide. A jet flying from New York to Los Angeles releases more than 
200,000 kilograms (about 300 tons). Above all, our population increases by 


e South Pole 
e Siple 
se Mauna Loa 


^ Figure 2ó 

Since the Industrial Revolution began in the late 1700s, atmospheric carbon dioxide levels have 
been increasing at accelerated rates. The yellow and red circles are data from ice samples, 

and the purple circles are measurements from the Mauna Loa Observatory. (Note: the global 
temperature changes are shown here relative to the average annual temperature for the years 
1950 through 1979.) 
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^ Figure 27 


Carbon dioxide emissions from the burning of fossil fuels have grown dramatically since 180. 


about 236,000 individuals every day, which ¡is about 86 million individuals 
every year. In 1999, we passed the milestone of 6 billion humans, and a mere 
13 years later, in 2012, we surpassed 7 billion humans, each of us responsible for 
activities that result in the output of carbon dioxide. A satellite view of North 
America at night, as shown in Figure 28, quickly reveals the significant impact 
we humans are having on a planetary scale. 


^ Figure 28 
Oưr ability to impact the global environment is clearly indicated by a night time view of 
our planet. 
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3 INFORMATION 


lf we were to hold steady and not 
increase the current rate at which 
we put CO; into the atmosphere, 
would the level of atmospheric CO, 
also hold steady? The answer is 

no because at our current rate we 
already put about twice as much 
CO; into the atmosphere than can 
be absorbed by plants, soils, and 
the ocean. To achieve a steady level 
of atmospheric CO,, we would 

need to decrease our emissions by 
about 80%. It's like a slowly draining 
bathtub. We“re pouring water into 
this tub faster than it can drain, so the 
water level naturally rises. We've got 
to close down the spigot—not just 
stop opening it up—or the tub will 
eventually overflow. 


FORYOUR 


&@ INFORMATION 


Today, levels of atmospheric carbon 
dioxide are close to 400 ppm, which 

is a new level that has likely not been 
achieved for hundreds of thousands of 
years. Evidence tells us, however, that 
about 25 million years ago, carbon 
dioxide levels of 1000 to 1500 ppm 
were typical. Of course, there were no 
polar ice caps way back then, and the 
average sea level was some 70 meters 
higher than it is today. 
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When direct monitoring of atmospheric carbon dioxide began in 1958, the 
global atmospheric reservoir of carbon dioxide was about 671 billion tons, a 
figure calculated from the observed concentration of 315 parts per million. By 
2010, this amount had grown to 829 billion tons, which simple subtraction tells 
us is an increase of 158 billion tons: 


2010 global atmospheric reservoir of CO: 829 billion tons 
1958 global atmospheric reservoir of CO: —671 billion tons 
Net increase: 158 billion tons 


Over the same period, humans released at least 215 billion tons of atmospheric 
carbon dioxide from fossil fuel emissions alone. From these data, we can get a 
feel for nature“s ability to absorb carbon dioxide. Even though we pumped out 
215 billion tons of carbon dioxide, the total quantity in the atmosphere went up by 
only 158 billion tons. Models suggest that most of the difference was absorbed by 
the oceans. Tthe ocean, because i1ts water is alkaline, can absorb carbon dioxide. 
Carbon dioxide can also be absorbed by vegetation during photosynthesis. It has 
been shown, for example, that trees grow more rapidly when exposed to higher 
concentrations of carbon dioxide. The fact that levels of atmospheric carbon diox- 
1de are going up, however, tells us that we are exceeding nature“s absorbing DOWer. 
Consider this: according to NASA, more than half of all fossil fuels ever used by 
humans have been consumed ïín just the last 20 years. 

'With about 20 percent of the world“s population, China ranks first in carbon 
dioxide emissions and ¡is responsible for about 22 percent of global carbon 
đioxide emissions. With about 5 percent of the world“s population, the United 
States is the second leading carbon dioxide emitter, producing about 20 percent 
of the world“s total. The third major emitter of carbon dioxide is the European 
Dnion, which, with about 6 percent of the world“s population, produces about 
14 percent. For these industrialized nations, this adds up to about 56 percent 
of the global carbon dioxide emissions. Developing nations account for the 
remaining 44 percent, but their sources of carbon dioxide are evenly split 
between fossil fuels and deforestation. 

Deforestation presents multiple threats to atmospheric resources. If the cut 
Wood is used for fuel rather than lumber, burning the fuel releases carbon dioxide 
into the atmosphere. Whether the wood is used for fuel or for lumber, though, 
cutting down any forest destroys a net absorber of carbon dioxide. Furthermore, 
tropical forests have the capacity to evaporate vast volumes of water, which assist 
in the formation of clouds. The clouds, in turn, keep regions cool by reflecting 
sunlight and moist by precipitating rain. Farmers who burn down rainforests 
for farmland are cutting off their future supply of rainwater. When their farms 
become desert, they are then spurred to burn even more of the rainforest. So far, 
about 65 percent of all rainforests have been destroyed. At present rates, within 
a few decades, remaining rainforests will not be able to sustain regional climates, 
which will leave more than a billion citizens of the rapidly growing communifies 
of South America, Africa, and Indonesia In the midst of arid land. 

As their economies and populations continue to grow over the next 
several decades, developing nations will likely surpass industrial nations in 
the amounts of carbon dioxide and other pollutants they emit. New energy- 
efficient technologies that minimize emissions, however, are now available. In 
a best-case scenario, developing nations will be able to utilize these new tech- 
nologies while maintaining needed economic growth. 


The Potential Effects of Global Climate Change 
Are Ủncertain 


There is consensus among scientists that increased levels of atmospheric carbon 
đioxide and other greenhouse gases will result in global warming, which will 
result in changes to global climate systems. How much temperatures may rise, 
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however, is uncertain, as are the potential effects of the temperature increases. 
This uncertainty is due to the large number of variables that determine global 
weather. The Sun“s intensity, for example, changes over time, as does the 
ocean“s ability to absorb and distribute greenhouse heat. Another variable is 
the cooling effect of cloud cover, atmospheric dust, aerosols, and ice sheets, 
which all serve to reflect incoming solar radiation. 

A number of mechanisms may ease or even reverse global warming. Eor 
example, we may have underestimated the capacity of oceans and plants to 
absorb carbon dioxide. Greater levels of atmospheric carbon dioxide may 
simply mean more carbon dioxide in the ocean and more abundant plant life. 
In addition, warmer global temperatures could mean an increase in cloud cover 
worldwide and an increase in snowfall in the polar regions. Both of these effects 
would tend to cool the Earth by increasing the reflection of solar energy. If the 
cloud cover and snowfall became unusually extensive, continued reflection of 
solar radiation could even trigger an ice age. 

Ơn the other hand, some mechanisms may enhance global warming. 
Warmer oceans might have a diminished capacity to absorb carbon dioxide 
because the solubility of carbon dioxide in water decreases with increasing 
temperature . Rapid climatic changes might destroy vast regions of forests and 
vegetation, meaning those reservoirs for carbon dioxide absorption would no 
longer exist. Alternatively, more abundant plant life might not be as beneficial 
for the atmosphere as we had hoped, because although plants absorb carbon 
dioxide, they also emit other greenhouse gases, such as methane. Warmer 
global temperatures might also enhance microbial activity in the soil. Microbes 
decaying organic matter are a significant source of carbon đioxide in dry soils 
and a source of methane in wet soils. Furthermore, large quantities of methane 
locked in Arctic permafrost may also be released as a consequence of warmer 
terrain. As represented in Figure 29, we just don't know. 

An average global temperature increase of only a few degrees would not 
be felt uniformly around the world. Instead, some places would experience 
wider fluctuations than others. For example, the number of days temperatures 
exceed 32°C (90°F) might double in New York City but remain unchanged in 
Los Angeles. The number of days in polar regions when temperatures rise 
above 0°C might double or even triple, causing øglaciers and polar ice sheets to 
melt faster. Melting ice combined with the thermal expansion of ocean waters 
would lead to an increase in sea level. Many climatologists project that a global 
temperature increase of a few degrees over the next 50 to 100 years may raise 
sea levels by about 1 meter, enough to inundate many coastal repilons and 
displace millions of people. 


^ Figure 29 
Which weather extreme might become more prevalent as greenhouse gases continue to 
increase? 
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FORYOUR 


3 INFORMATION 


Weather is what happens outside on 
a daily basis. A change in weather is 
quite common. Climate is different. 
Climate is the average weather that 
occurs for a particular region. Climate 
is rather predictable. lt may or may 
not snow in Vermont on January 2ó, 
but the climate of Vermont tells the 
would-be tourists to bring their snow 
skis, not their water skis. 


FORYOUR 


3 INFORMATION 


We would reduce our greenhouse gas 
emissions by about 40 percent if all 

Our cars were powered by electricity 
rather than fossil fuels. Do we have 

the technology to make the switch? 
Absolutely, and the change is already 
upon us. Shai Agassi, founder of Better 
Place, says, “Trying to save the gasoline 
car is almost like trying to save the 
portable CD player three years after 
the introduction of the iPod.” 
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Small changes in average global temperatures would also change weather 
patterns. The warming of the equatorial eastern Pacifc Ocean during an 
El Nião, for example, is already known to change local weather patterns 
throughout the world. If the whole planet were to warm by a few degrees, the 
impact would be far greater. What is now fertile agricultural land might turn 
barren, while land now barren might turn fertile. Over the past several decades, 
for example, average global temperatures have edged upward. In step with this 
warming trend, the growing seasons of the Great Plains of Canada are up to 
2 weeks longer than they were several decades ago. As weather patterns 
change, one nation“s gain may be another nation“s loss. Developing nations 
lacking the resources to make adjustments, however, would be hardest hit. 


KG; (O2 INj (© |= | UU (S || |Z Le |.< 
Why are scientists uncertain about the potential effects of global warming? 


CHECK YOUR ANSWER The uncertainty is due to the large number of variables 
that determine global weather patterns. As the debates continue, bear in mindl that 
the issue is not global warming ïtself but rather its potential effects. 


Science tells us that the potential for human-induced global climate change 
1s real but that the degree of impact is uncertain. Actual quantification will 
come only from a slow but steady accumulation of evidence. What should be 
done in the meantime is not a scientific issue but rather a societal one. 

Ơne societal response to global warming is to adapt to the changes as they 
Occur. Economists argue that large uncertainties in climate projections make it 
unwise to spend large sưms of money trying to avert disasters that may never 
materialize. Adjusting to immediate changes would be more directed and far 
less costly. Some measures, however, could be taken now to reduce future dif- 
ficulties. Irrigation systems, for example, might be made more efficient, because 
even without a major climatic change, such an improvement would make it 
easier to cope with normal extremes in weather. 

A second societal response is to take preventive measures to minimize 
global warming and the resulting changes in climate. Emissions of preenhouse 
gases could be kept low by conserving energy and by shifting to fuels contain- 
¡ng lower percentages of carbon, such as natural gas or hydrogen. Cars could 
be powered not by fossil fuels, but by electricity generated from alternative 
energy sources such as biomass, solar thermal electric generation, wind power, 
and photovoltaics. Governments may also come to agree on a set of standards 
for emissions of carbon dioxide and other greenhouse gases. “Polluting rights” 
may be granted to each nation based on such factors as population and need 
for economic growth. 

The best public policies will be those that yield benefits even in the absence 
of global warming. A reduction in fossil fuel use, for example, would curb air 
pollution, acid rain, and the dependence of many countries on foreign oil pro- 
ducers. Developing alternative energy sources, revising water laws, searching 
for drought-resistant crop strains, and negotiating international agreements are 
steps that offer widespread benefits. 
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Chapter R©eVICW 


LEARNING OBJECTIVES 


Describe how water circulates through the hydrologic cycle. (1) — 


Review water consumption trends in the United States. (2) 


ldentify sources of water pollution and explain the significance of 


biochemical oxygen demand. (3) 


ldentify the four stages of wastewater treatmernt. (4) 


Describe the formation and composition of the Earth's 


atmosphere. (5) 


Ouestions T1-4, 4-48 
—> Questions 5-8, 34-3ó, 45, 49-54, 79-83 
—> Questions 9-14, 55—58 
—> Questions 15—17, 59-á† 


—> Questions 18-23, 37-42, 44, ó2-óổ8 


Differentiate aerosols from particulates and industrial smog from 


photochemical smog. (6) 


—> Questions 24-29, 43, ó9-75 


Describe the greenhouse efect and potential environmental 


impacts of increased levels of atmospheric carbon dioxide. (7) = 


SUMMARY OF TERMS 


Aerobic bacteria Bacteria able to decompose organic matter 
in the presence of oxygen. 


Aerosol A moisture-coated microscopic airborne particle up 
to 0.01 millimeter in diameter that is a site for many 
atmospheric chemical reactions. 

Anaerobic bacteria Bacteria able to decompose organic matter 
in the absence of oxygen. 

Aquifer A soil layer in which groundwater may flow. 

Atmospheric pressure The pressure exerted on any object 
immersed in the atmosphere. 

Biochemical oxygen demand A measure of the amount of 
oxygen consumed by aerobic bacteria in water. 

Eutrophication The process whereby inorganic wastes in 
water fertilize algae and plants growing ¡in the water and 
the resulting overgrowth reduces the dissolved oxygen 
concentration of the water. 


Greenhouse effect The process by which visible light from the 
Sun is absorbed by the Earth, which then emits infrared 


energy that cannot escape and thus warms the atmosphere. 


Hydrologic cycle The natural circulation of water throughout 
our planet. 

Industrial smog Visible airborne pollution containing large 
amounts of particulates and sulfur dioxide and produced 
largely from the combustion of coal and oil. 


(KNOWLEDGE) 


Ouestions 30-33, 7é-78, 84-85 


Leachate A solution formed by water that has percolated 
through a solid-waste disposal site and picked up 
water-soluble substances. 


Nonpoint source A pollution source in which the pollutants 
Originate at different and often nonspecific locations. 


Particulate An airborne particle having a diameter greater 
than 0.01 millimeter. 


Photochemical smog Airborne pollution consisting of 
pollutants that participate in chemical reactions induced 
by sunlight. 

Point source A specific, well-defined location where pollutants 
enter a body of water. 


Stratosphere The atmospheric layer that lies just above the 
troposphere and contains the ozone layer. 

Troposphere The atmospheric layer closest to the Earth“s sur- 
face, containing 90 percent of the atmospheres mass and 
essentially all water vapor and clouds. 

'Water table The upper boundary of a soil“s zone of saturation, 


which is the area where every space between soil particles 
1s filled with water. 
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READING CHECK OUESTIONS 


1 Water on the Move 


(COMPREHENSION) 


1 


2 Collectively, We Consume Huge Amounts of Water 
kÈ 


6. 


8. 


. In what form does most of the fresh water on our 
planet exist? 


. What two forces power the water cycle? 
. Where is it possible to see the water table above ground? 


. ls most of the liquid fresh water on our planet located 
above or below ground? 


'When did the U.S. Geological Survey begin compiling 
national water-use data? 


About how many liters of fresh water does the average 
American consume đaily for personal use? 


.- Has annual water usage in the Ủnited States increased or 


đecreased over the past couple of decades? 


What human activity consumes most of our fresh water? 


3 Human Activities Can Pollute Water 


treatment of wastewater? 


5 The Earth's Atmosphere ls a Mixture of Gases 


18. 


12, 
20. 


21. 
22. 


23. 


Why doesn/t gravity flatten the atmosphere against the 
Earth“s surface? 


Which elements make up today“s atmosphere? 


Which chemical compounds make up today”s 
atmosphere? 


In which atmospheric layer does our weather occur? 


Does temperature increase or decrease as one moves 
upward in the troposphere? 


Does temperature increase or decrease as one moves 
upward in the stratosphere? 


ó Human Activities Have lncreased Air Pollution 


2A. 
25. 
26. 


và 


10. 


11 


14. 


'Why does groundwater take so long to rid itself of 
contaminants? 

How can solid-waste disposal sites be designed to 
minimize the spread of leachates? 


.- What type of soil are pathogens not able to pass through? 
12. 
13. 


What did the Clean Water Act of 1972 shift? 

What are some of the main products of aerobic 
decomposition? 

What effect does organic matter in water have on the 
amount of oxygen dissolved in the water? 


4 Wastewater Treatment 


275 
28. 


225 


What is the difference between an aerosol and a particulate? 
What is a temperature inversion? 


What is the difference between industrial smog and 
photochemical smog? 


When ¡is ozone useful? When is it harmful? 


How do unburned hydrocarbons contribute to air 
pollution? 


How does a catalytic converter reduce the output of air 
pollutants from an automobile? 


7 Carbon Dioxide Helps Keep the Earth Warm 


30. 


31. 
3ó. 


152 
1ó. 


17. 


CONFIRM THE CHEMISTRY 
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'What is the first step in treating raw sewage? 
'What happens to the sludge collected from a wastewater 
treatment plant? 


'Why don't all municipalities require third-level tertiary 


In nutnbers 34-36, on tuill be estimatins the 0olutme 0ƒ t0afer 
1ou 1se dailụ for personal hụsiene. You tuilÏ need a tmelric ruÌer, 
qa bucket, a 500-m1lliliter treasurins cup, and a timer that can 
IHIe8SUITe 1H seconids. 


SSb) 


34. 


35. 


The atmosphere, like glass, is transparent to what? 
Opaque to what? 


What is the number-one gas emitted by human activities? 


How do scientists estimate the age of ancient air in 
bubbles trapped in an ice core? 


Why do scientists differ in their opinions about the 
potential effects of global warming? 


(HANDS-ON APPLICATION) 


Flushing: calculate the volume of water in your toilets tank 
by multiplying the height, width, and depth of the water it 
contains in units of centimeters. Divide by 1000 to convert 
cubic centimeters to liters. Alternatively, shut off the water 
valve to the toilet, flush to empty the tank, and then fill to 
the normail fill line using the measuring cup while keeping 
track of how much water you add. This is the amount of 
water uised each time you flush. Multiply this number by 
the avererage number of times you flush each day. 
Shower/bath: use a measuring cup to add 1 liter of water 
to the bucket. Mark the water level and then pour out the 
water, preferably over some plants. Turn on the shower 
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or bath to a typical flow and time how many seconds it 
takes to fill the bucket to the marked level. Your volume—— 
1 liter—divided by the number of seconds is the flow 

rate in liters per second. To convert to liters per minute, 
multiply this value by 60 seconds/minute. For instance, if 
it takes 5 seconds to collect 1 liter of water, the flow rate is 
1 L/5s X 60s/1min = 12 L/min. The next time you shower 
or bathe, note how many minutes you run the water and 
then calculate the volume of water consumed. 


3ó. Bathroom sink activities: turn on your bathroom sink 
faucet to a typical flow rate and measure the number of 
seconds it takes to fill the measuring cup. (Recall that 
500 milliliters equals 0.5 liter.) Log the number of seconds 
you run the faucet at this rate over the course of a day as 


THINK AND SOLVE 


38. There are 1000 liters in 1 cubic meter and 1000 grams in 
1 kilogram. How many grams of air are in 1 liter of air? 
(Assume a đensity of 1.18 kg/mổ.) 

39. Assume air has an average molar mass of 28.8 grams/ 
mole. Determine how many moles of air molecules are 
in 1 liter of air. 

40. About 25 trillion (25,000,000,000,000 = 2.5 x 1013) chloro- 
fluorocarbon (CEFC) molecules are in every liter of air you 
breathe. How many ?oles of CEC molecules are in every 


THINK AND COMPARE (ANALYSIS) 


43. List the order of formation of the following primary 
constituents of smog starting at dawn in an urban 
environment. 

a. Nitrogen dioxide, NO; 
b. Nitrogen monoxide, NO 
c. Ozone,O; 

44. List from highest to lowest percentage the following 
constituents of the Earth“s atmosphere. 
a. Oxygen, O, 

b. Nitrogen,N; 


THINK AND EXPLAIN (SYNTHESIS) 


1 Water on the Move 


you wash, brush your teeth, or shave; then calculate the 
volume of water you/ve used. 


37. Place a card over the open top of a glass filled to the brim 
with water; then invert the glass. Why does the card stay 
in place? What happens when the glass is held sideways? 


(MATHEMATICAL APPLICATION) 


liter of air you breathe? What percentage of air is this? 


41. Show that there is 0.041 mole of air molecules in 1.0 liter 
of air at 1.0 atmosphere of pressure at 25°C, which is 
298K. 


42. Assuming air has an average molecular mass Of 
28.8 grams/mole, show that there are about 1.18 grams of 
air in 1.0 liter of air at 1.0 atmosphere of pressure at 25°C, 
which ¡is 298 K. 


c. Neon,Ne 
d. Argon, Ar 
e. Water,H,O 
45. List from most to least use the four primary uses of 
fresh water. 


a. Thermolectric power 

b. Industrial 

c. lrripation 

d. Residential/commercial (public supply) 


2 Collectively, We Consume Huge Amounts of Water 


4ó. Look at a map of any part of the world and you 1Ï see that 
older cities are next to rivers or next to where rivers used 
to be. Why? 


47. The oceans are salt water, and yet evaporation over the 
Ocean surface produces clouds that precipitate fresh water. 
Please explain. 


48. Removal of groundwater can cause subsidence. If the 
water removal is stopped, will the land likely rise to its 
original level? Defend your answer. 


49. Which consumes more water: people turning on their 
faucets or people turning on their electricity? 


S0. Make a rough sketch of a home plumbing system that uses 
water from an upstairs bathtub to flush a downstairs toilet. 

51. How might the water from Southern Asia“s wet monsoon 
season best be captured for use during the dry season? 


52. Why is water more effectively stored in the ground than 
in a large dam reservoir? 
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53. Gas fills all the space available to it. Why then doesn/t the 
atmosphere go off into space? 

S4. Research the web to find the major rivers in the world 
that no longer reach the oceans. What impact does beef 
consumption have on water use? How are these two 
questions related? 


3 Human Activities Can Pollute Water 


55. Why is pollution of proundwater a greater environmental 
hazard than pollution of surface water? 

Só. Are polar or nonpolar chemical compounds more often 
found in a leachate? Please explain. 

57. Phosphates were once a common component of laundry 
detergents because they soften water. Why has their use 
been restricted? 

58. How might an air pump be used in the treatment of a 
small pond affected by eutrophication? What should be 
done to the pond before the pưmp is used? 


4 Wastewater Treatment 


59. Is the decomposition of food by bacteria in our digestive 
systems aerobic or anaerobic? What evidence supports 
your answer? How do composting toilets work to remove 
the bad smells of human waste? 


ó0. Where does most of the solid mass of raw sewage end 
up after being collected at a treatment facility? 

ó1. Why ¡s flushing a toilet with clean water from a 
municipal supply about as wasteful as flushing it 
with bottled water? 


5 The Earth's Atmosphere ls a Mixture of Gases 


ó2. How does the density of air in Death Valley, which 1s 
86 meters below sea level, compare with the density of 
air at sea level? Please explain. 


63. Why do your ears pop when you riđe in an airplane that 
is climbing to higher altitudes? 


64. Before boarding an airplane, you buy an airtight foil 
package of peanuts to eat during your journey. While 
in flight, you notice that the package is puffed up. 
Please explain. 


ó5. What are two reasons why there is not much hydrogen 
gas, H¿„ in our atmosphere? 


óó. Should the atmospheric ratio of nitrogen molecules to oxygen 
molecules increase or decrease with increasing altitide? 


THINK AND DISCUSS 


79. Many brands of bottled water cost more per liter than 
gasoline. Why are people are willing to buy such 
expensive water? 

80. Should the federal government place a sales tax on bottled 
water to help pay for the environmental costs? Might state 
8overnments be more likely to create such a tax first? 


81. List all the reasons, in order of significance, bottled water 
has become so popular. Do you foresee bottled water 
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(EVALUATION) 


67. We can understand how pressure in 
water depends on depth by consider- 
¡ng a stack of bricks. The pressure at the 
bottom face of the bottom brick corre- 
sponds to the weight of the entire stack. 
Halfway up the stack, the pressure is 
half the bottom value because the weight 
of the bricks above is half the total 
weight. To explain atmospheric pressure, 
we could consider a similar scenario, but 
with compressible bricks made from a 
material such foam rubber. Why? 


68. Would it be slightly more difficult to draw soda through 
a straw at sea level or on top of a very high mountain? 
Please explain. 


ó Human Activities Have lncreased Air Pollution 


69. Burning coal produces sulfur oxides. Where did the sulfur 
Originate? 

70. In a still room, cigar smoke sometimes rises only partway 
to the ceiling. Why? 


71. Airborne sulfur dioxide doesn/t remain airborne indefi- 
nitely. How is it removed from the atmosphere? Where 
does most of it end up? 


72. Once formed, why is a temperature inversion such a 
stable weather system? 

73. The atmosphere is primarily nitrogen, N„„ and oxygen, 
O;. Under what conditions do these two materials react to 
form nitrogen monoxide, NO? Write a balanced equation 
for this reaction. 


74. A catalytic converter increases the amount of carbon diox- 
ide emitted by an automobile. Is this good news or bad 
news? Please explain. 

75. Why does filling your gas tank in the evening help to 
minimize photochemical smog? 


7 Carbon Dioxide Helps Keep the Earth Warm 


7ó. How do greenhouse gases keep the Earth“s surface warm? 


77. How is the burning of tropical rainforests a triple threat to 
weather patterns? 


78. Why are atmospheric CO; levels routinely up to 15 ppm 
higher in the spring than in the fall? Why are seasonal 
fluctuations in atmospheric CO; much more pronounced 
in the northern hemisphere compared to the southern 
hemisphere? 


becoming more or less popular within the next five years? 
Ten years? One hundred years? 


82. Pretend you are the president of Egypt, a country whose 
prime source of fresh water is the Nile river. What actions 
will you take upon learning that Ethiopia, which is 
upstream from Egypt, has begun building water projects 
that will restrict the flow of the Nile? 
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83. In reference to human nature, Jerome Delli Priscoli, a 
social scientist with the U.5. Army Corps of Engineers, 
stated, “The thirst for water may be more persuasive than 
the impulse toward conflict.” Do you agree or disagree 
with his statement? Might our universal need for water be 
our salvation or our demise? 


84. Which is a more pressing problem: ozone depletion or global 
climate change? To what degree are the two interrelated? 


READINESS ASSURANCE TEST 


TƑ uou haue a qood handle ơn this chapter, then you should be able to 
score at leqst 7 out 0ƒ 10 ơn this RAT. Check your anst0ers online at 
tuiui0.ConceptualChermistr.com. ]ƒ you score less tham 7, you need 
to stid ƒurther Deƒ0re 1m00ïng 0n. 


Choose the BEST answer to the following. 


†1. The oceans are salt water, and yet evaporation over the 
Ocean surface produces clouds that precipitate fresh water. 
Please explain. 


a. Salt ions are too attracted to the liquid water to 
evaporate. 


b. Fresh rainwater falls only after the salts have been 
removed by the action of the clouds. 


c. The salts are too heavy to evaporate with the water. 
d. Two of the above are reasonable answers. 
2. Where does most rainfall on the Earth finally end up before 
becoming rain again? 
a. Groundwater 
b. Lakes and rivers 
c. Snow caps and glaciers 
d. Oceans 
3. Why is it important to conserve fresh water? 


a. There is little fresh water available to us on our 
planet. 


b. As the human population ørows, so does our need 
for fresh water. 


c. Itis expensive to purify nonpotable water. 
d. All of the above. 
4. A stapnant pond smells worse than a babbling brook because 
a. odors are not transported downstream. 
b. of the type of aquatic life it attracts. 
c. 1t lacks sufficient dissolved oxygen. 
d. of all of the above. 


5. Place the following events in the most likely chronological 
order: 


1. The oxsen content drops enoush to kilI ost aquatic animals. 
2. A bunch oƒ inoreanic ions tuere released upstream 0ƒ a pond. 


3. Anaerobic bacteria start to dominate the population oƒ liuing 
CTeqIIreS. 


4. Acrobic bacterin start to dominate the population oƒ lioing crentures. 
5. Aloae start to domminate the populaHion oƒ lioing creatures. 
=D G72 1U 29) Ji 22021016) 6) tới /2/66)1L) 2029) 
d5 215 e. None of the above 


85. Pretend you are a politician addressing a conference 
of business leaders from the oil industry. One of the 
leaders asks you for your stance on global warming. 
How đo you respond so as not to alienate any of these 
infuential executives? What points do you emphasize? 
What points do you gloss over? 


(RAT) 


ó. Burning coal produces sulfur oxides. From where, 
ultimately, did the sulfur originate? 


a. From the photosynthetic plants from which the coal 
was made millions of years ago 


b. From the atmospheric sulfur oxides that photosyn- 
thetic plants use to make their amino acids cysteine 
and methionine 


c. From volcanoes that belch sulfur into the atmosphere 


d. From nuclear fusion ¡in stars that đied out billions of 
y€arS agO 


7. Airborne sulfur dioxide doesnft remain airborne ¡indefi- 


nitely. Where does most of it end up? 
a. In the oceans b. In plants 
c. In metal ore deposits d. In outer space 


8. Does the ozone pollution from automobiles help alleviate 
the ozone hole over the South Pole? 


a.  Yes, because ozone is ozone no matter what the source. 
b. No, because the ozone from automobiles is too dense. 


c. Yes, but automobiles haven/t been around long 
enouph for the impact to be significant. 


d. No, because the ozone decomposes before reaching 
the upper atmosphere. 


9. Once formed, why is a temperature inversion such a stable 
weather system? 


a. Cool air will rise through warm air, but warm air 
worft rise through cool air. 


b. Warm aïr is denser than cool air. 


c. Warm air will rise through cool air, but cool air won/t 
rise through warm air. 


d. Temperature inversions are associated with low winds. 


10. Geological records indicate that many ice ages were initi- 
ated by periods of unusually warm weather. How can 
warm weather precipitate an Ice aøe? 


a. More sunlight is reflected back into outer space. 
b. More snow accumulates in higher latitudes. 


c. Warm weather increases the rate of evaporation of 
the oceans. 


d. All of the above. 
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COonfextual ChemìiStrV 


Pseudoscience 


or a claim to qualify as “sci- 
|Ez> it must meet certain 

standards. For example, the 
claim must be reproducible by oth- 
ers who have no stake in whether 
the claim ¡s true or false. The data 
and subsequent interpretations are 
open to scrutiny in a social environ- 
ment where its okay to have made 
an honest mistake but not okay to 
have been dishonest or deceiving. 
Claims that are presented as scientific 
but do not meet these standards are 
what we call pseudoscience, which 
literally means “fake science.” In the 
realm of pseudoscience, skepticism 
and tests for possible wrongness are 
downplayed or flatly ignored. 

Examples of pseudoscience 
abound. Astrology is an ancient 
belief system that supposes there is 
a correspondence between individ- 
uals and the universe—that human 
affairs are influenced by the posi- 
tions and movements of planets 
and other celestial bodies. When 
astrologers use up-to-date astro- 
nomical information and computers 
that chart the movements of heav- 
enly bodies, they are operating in 
the realm of science. But when they 
use the data to produce nontestable 
astrological revelations, they have 
crossed over into pseudoscience. 

A shaman who studies the oscil- 
lations of a pendulum suspended 
over the abdomen of a pregnant 
woman can predlict the sex of the 
fetus with an accuracy of 50 percent. 
Downplaying all the times he was 
wrong, the shaman can easily col- 
lect hundreds of testimonies of suc- 
cess. These testimonies, however, are 
incomplete evidence for the shaman's 
ability; hence, they do not qualify as 
scientific. His claims are pseudoscien- 
tiic. An example of pseudoscience 
that has zero success is provided by 
energy-multiplying machines. These 
machines are alleged to deliver more 
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energy than they take in. We are 
told that the designs are “still on the 
drawing boards and in need of funds 
for development.” 

Humans are very good at denial, 
which may explain why pseudosci- 
ence ¡is such a thriving enterprise. 
Many pseudoscientists do not recog- 
nize their efforts as pseudoscience. 
A practitioner of “absent healing,” 
for example, may truly believe in her 
ability to cure people she will never 
meet except through e-mail and 
credït card exchanges. The pressure 
to make a decent living in today5 
fastpaced and often heartless soci- 
ety can be overwhelming. That said, 
books on pseudoscience greatly 
outsell books on science in general 
bookstores. Today, there are more 
than 20,000 practicing astrologers in 
the United States. Do people listen 
to these astrologers just for the fun of 
it? Many do, but science writer Martin 


Gardner reportedl that a greater per- 
centage of Americans today believe 
in astrology and occult phenomena 
than did citizens of medieval Europe. 
Very few newspapers carry a daily 
science column, but nearly all provide 
daily horoscopes. 

Meanwhile, the results of science 
literacy tests given to the general 
public are appalling. Some ó3 percent 
of American adults are unaware that 
dinosaurs went extinct long before 
the first humans arose; 75 percent 
do not know that antibiotics kil 
bacteria but not viruses. In his book 
The Demon-Haunted World, Carl 
Sagan wrote that a truer measure 
of public understanding in science 
would come from asking deeper 
questions such as: “How do we know 
that dinosaurs died before the first 
humans arose?“ “How do we know 
that antibiotics kill bacteria and not 


viruses?“” 


^ Figure † 


Over the past couple thousand years, the Earth“s orbit around the Sun has shifted so that the 
months of the zodiac constellations have also shifted. People born in early May, for example, 
should now be given the Aries sign, a fact that today'“s astrologers tend to ignore. 


Consider this: According to John 
Locke, the 17th century philosopher, 
knowledge must be grounded ¡in 
physical evidence. In the absence of 
physical evidence, all that remains 
is opinion. Thomas Jjefferson saw 
Lockes ¡idea of evidence-based 
knowledge as the key to making 
a system of democracy possible. Ín 
such a system, differing parties are 
united by their agreement upon basic 
facts, which, in turn, allows them 
to craft efectve public policies. 
The only alternative is some form of 
authoritarianism where public policy 
is created based upon the opinions of 
those with the greatest power. 

So democracy and science are nat- 
ural partners, both arising at about 
the same time and from the same 
principles. One unites us in com- 
mon law. The other unites us in the 
spirit of discovery. Pseudoscience, 
by contrast, moves us away from 
evidence-based thinking. By embrac- 
¡ng the methods pseudoscience we 
risk going back to the good old days 
of demons and incurable infections. 
We also leave ourselves open to a 
form of government that rules by the 
ideology of the privileged few who 
know they need not worry about evi- 
dence when crafting public policies. 


GØNCEFPTESHEECE 


The renowned magician James 
Randi has ¡issued a genuine 
million-dollar challenge to anyone 
who can demonstrate, under her 
own conditions, any psychic, super- 
natural, or paranormal phenomenon 
with adequate controls ¡in place. 
Many have applied, but no one has 
ever won this challenge. Why? 


CHECK YOUR ANSWER We are 
simply humans who are held firmly 
within the realm of nature, not 
above it. The kicker, though, ¡s that 
nature has many incredible won- 
ders of its own that we have yet to 
discover. To make these new and 
exciting discoveries, which would 
you choose: the tools of science or 
the tools of pseudoscience? 


Protecting Water and Air Resources 


} Figure 2 

A photograph from 
the Hubble Space 
Telescope of colliding 
galaxies. The tools of 
science are uniquely 
suited to helping 

us understand and 
appreciate the great 
wonders of the 
universe. 


Think and Discuss 


1. Why do many people trust herbal 
medicines to prevent disease? 


2. Why are health insurance agen- 
cies beginning to cover expenses 
for chiropractic care? 


3. Would you rather have a friend 
or a stranger helb you through a 
sickness? Why? Which health pro- 
fessionals tend to be friendliest? 


4. Why are more people afraid of 
flying than of driving? 


5. Why does the general public have 
so little knowledge or understand- 
¡ng of science? 


ó. The CEO of a large corpora- 
tioỏn is told that its operations 
are leading toward an ecological 
crisis. Whom might the CEO first 
contact to confirm the allegation: 
a politician, a marketing agent, a 
lawyer, an astrologer, an environ- 
mental activist, or a scientist? 


7. Who ¡is best situated to per- 
suade a tough-minded business- 
leader to move his company 
toward ecologically sound prac- 
tices: a customer, a politician, 
a marketing agent, a lawyer, 
an astrologer, an environmen- 
tai activist, or a scientist? Rank 


10. 


these people in order of their 
possible persuasion power. 


A psychic claims to be able to 
detect an object randomly con- 
cealed within one of several 
opaque boxes. When tested, 
the psychic performs no better 
than what might be expected by 
chance. What excuses might the 
psychic give to explain why she 
was unsuccessful? 


What advice might you provide 
to a scientist who was about to 
appear on a nationally televised 
program to debate a supernatu- 
ral or paranormal topic? 


A concentrated herb solution 
is found to have a therapeutic 
effect. Might there still be a 
therapeutic effect if this solu- 
tion is diluted to half strength? 
A quarter strength? What if the 
solution ¡is diluted repeatedly 
so that a dose is only one tril- 
lion trillionth as strong, meaning 
that the dose contains practi- 
cally none of the original herb 
extract? At what point, if any, 
does the herb solution stop hav- 
ing a therapeutic effect? Might 
a dose of pure water mislabeled 
as containing the extract also 
have a therapeutic effect? 
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National Oceanic and Atmospheric Administration 


(NOAA); 19b PPC Industries; 19c John Suchocki; 
22 Pearson Education; 25a Reuters/L. Augustin/ 
Laboratoire de Glaciologie et Geophysique de 
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Solutions to Odd-Numbered Chapters Ouestions 


1. Most of the fresh water on our planet is found in polar ice 
caps and glaciers. 


3. The water table can be seen aboveground in the form of 
lakes and streams. 


5. 1950 


7. Annual water use in the United States increased until 1980 
and has decreased since then primarily due to improvements 
in agricultural irrigation methods. 


9. Groundwater takes so long to rid itself of contaminants 
because it is inaccessible and the flow rate of many aquifers 
1s slOw. 


11. Pathogens cannot pass through sand or underground 
sediments with small pore sizes. 


13. Aerobic decomposition gives off carbon dioxide (CO,), 
water (H;O), nitrates (NO; ), and sulfates (SO/?). 


15. Raw sewage is first treated by screening out insoluble 
human waste products such as coffee grounds, tiny rocks, 
pebbles, and balls of oil. 


17. A third level of wastewater treatment is expensive, and 
not all communities are in locations where this level of 
treatment is necessary. 


19. The atmosphere ¡is made up of nitrogen, oxygen, and 
small traces of argon and other materials such as carbon 
dioxide and water vapor. 


21. Weather occurs in the troposphere. 


23. The temperature increases as one goes higher ¡in the 
stratosphere. 


25. Temperature inversion ¡is the reverse of the normal air 
flow where polluted warm air rises, carrying pollutants away 
from the surface. Instead, polluted cool air settles below a 
body of warm air, which traps the cool air and the pollution 
at the surface. 


27. Ozone is useful when found in the stratosphere, where it 
protects us from harmful ultraviolet rays. Ozone is harmful 
when it enters the air we breathe here at the bottom of the 
troposphere. 
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29. A catalytic converter provides a catalyst to increase the 
efficiency of the combustion of gasoline and to lower the 
output of hydrocarbons. 


31. Carbon dioxide 


33. Scientists differ in their opinions because there are many 
variables and the outcome is uncertain. 


35. Federal regulations mandate that new showerhead flow 
rates cannot exceed more than 9.5 liters per minute (2.5 
gallons per minute). Shorter showers and shallower baths 
save energy as welÏ as water. 


37. The weight of the air pushing against the outer surface of 
the card is much greater than the weight of the water pushing 
against the inner surface of the card. This demonstration 
would not work on the Moon. Do you understand why? 


39. (1.18 g/L)(1 L)(1.00 mole/28.8 grams) = 0.0410 moles of 
aIr 


41. Use the ideal gas equation PV = #+RT and solve for 1m, 
which is the number o£ moles. 


(1.0 atm)(1.0 L) = n(0.0821 Latm/K mol)(298 K) 
„ø„' = 0.041 mole 
43.b,a,c 
45.a>c>d>b 


47. The salts in the ocean do not evaporate along with the 
water, which is why the moisture that condenses from the sky 
1s fresh water. The reason the salts do not evaporate is they 
have such a strong affinity for the liquid water to which they 
are strongly held by many ion-dipole attractions for each ion. 


49. According to Figure 4, about four times as much water is 
used to generate electricity as is consumed by domestic and 
municipal water use combined. 


51. Building a dam would allow for the formation of 
a reservoir that could be tapped in the dry summers. 
Unfortunately, dams are typically large and expensive 
projects. They also tend to trap valuable topsoil, which 
never makes it to downstream farmers. Water from the 
reservoir must then be piped to where the water is needed. A 
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governmental allocation system would also be required. A far 
more economical and efficient method is to dịp channels that 
guide monsoon rainwater to wells. Rather than running off 
to the ocean, the water is retained underground, where there 
is no loss đue to evaporation. The groundwater can then be 
pumped out of the ground in the summer, using inexpensive 
hand or foot pumps. No money is spent builđing an expensive 
dam. The topsoil is maintained, and farmers are empowered 
with water right beneath their feet. Such practices have been 
employed in Bangladesh with much success. 


53. The air molecules of the atmosphere are held down by the 
force Of gravity. 


55. Groundwater only moves slowly, which means any 
pollutants added to the groundwater will remain there and 
not be “flushed away” for quite some time. Furthermore, 
there is no way to clean polluted groundwater while it is 
in the ground. Our only choice would be to purifying that 
which we extract. 


57.Phosphates are a nutrient for many plants and 
microorganisms. In the past, the phosphates from used 
laundry detergents often made their way into rivers, lakes, 
and ponds where they caused the growth of plants and 
microorganisms that grew so rampant, they choked of the 
natural supply of dissolved oxygen—a process known as 
eutrophication. 


59. The decomposition of food by bacteria in our digestive 
system is primarily anaerobic simply because little oxygen 
makes it from our mouths to our intestines, where food 
decomposition takes place. As a consequence, gas that 
comes out the other end ¡s frequently of the odoriferous sort. 
Composting toilets adds air to our wastes, which moves the 
mode o£ decomposition from anaerobic to less smelly aerobic 
microorganisms. lt ¡is the same reason fresh dog poop smells 
worse than week-old dog poop. 


61. Our mouths are fairly good at discerning the tastes of 
residual components of drinking water—so much so that 
many of us are willing to pay the 1000 percent markup price 
that water bottlers charge for their products, which are only 
a fraction of a percentage purer than the water we can obtain 
from a local water utility. Because their purities are quite 
comparable, flushing toilets with municipal drinking water 
is about as wasteful as flushing it with bottled water. At the 
wastewater treatment facility, human waste is extracted from 
the water and typically ends up in a landfill. So why not use 
a composting toilet, skip the waste of water altogether, and 
send our wastes directly to farmlands rather than to landfills? 


63. The pressure of the air on the outside of your eardrums is 
đecreasing faster than the pressure of the air on the inside of 
your eardrums. Interestingly, commercial airplanes maintain 
a cabin pressure that is equal to the pressure one experiences 
at about 2400 meters (8000 feet) up a mountainside. 


65. One reason is physical: The gravitational force on the 
Earth is not strong enough to prevent this relatively light 
molecule from escaping into space. The second reason is 
chemical: Hydrogen gas, H, is a reactive material that 
oxidizes when exposed to atmospheric oxygen, O;„ to form 
water, H,O. 


67.Bricks are solid, which means they are not very 
compressible. Increasing the weight on the brick, therefore, 
doesn“t cause it to compress by any appreciable extent. The 
atmosphere, however, is made of a gas, which, like a foam 
brick, is compressible. Accordingly, the foam bricks at the 
bottom of the stack will be more squished (denser) than the 
bricks at the top because the bricks at the bottom bear the 
greatest weight. Similarly, the air close to the Earth”s surface 
is more squished (denser) than the air high on a mountain 
because the air close to the surface bears the greatest weight 
from the air molecules above. 

In order to fully understand this answer, you need 
to understand that air has weight. This may seem 
counterintuitive because as you hold out your empty hand, 
you do not experience the airs weight like you might 
experience the weight of an object, say, a water balloon. But 
air has weight because it is held down by gravity—If this was 
not the case, our air would have drifted off into outer space 
a long time ago. We dont experience the weight of air in a 
typical way because we are submerged within the air. This 
weight pushes against our bodies in the form of atmospheric 
pressure. This is similar to how we can experience the weight 
of water—not by holding the water, but by submerging 
ourselves in the water. In such a case, the weight of the water 
exerts a pressure against our bodies, which is particularly 
noticeable in our eardrums as we swim to the bottom of 
a pool. 


69. Coal is a fossil fuel, which means it arises from the 
decomposition o£ organic matter. Sulfur from organic matter, 
in turn, is found primarily in the two amino acids——cysteine 
and methionine. Plants obtain the sulfur to make these amino 
acids from the sulfur oxides that occur in the atmosphere and 
were placed there by active volcanoes and by the burning 
of fossil fuels. Thus, there is no original source of sulfur on 
the Earth. Rather, like all other elements, the sulfur that is 
already here recycles through various pathways. Sulfur does, 
however, have an ultimate origin, and that is with nuclear 
fusion. 


Z1. The airborne sulfur dioxide reacts with oxygen and water 
to form sulfuric acid, which is carried by rainwater to the 
planet“s surface. 


73. Atmospheric nitrogen and oxygen will react with each 
other under conditions of extreme heat, such as what occurs 
in an automobile engine or by a lightning bolt. The balanced 
equation for this reaction is N; + O„ —> 2 NO. 


75. The gasoline fumes that leak out from the filling process 
are not converted to photochemical smog at night. With a 
steady breeze, they“ll be dispersed to other parts of the world 
by morning. 


Z7. In the burning of forests, CO, is released directly into the 
air. Also, by this burning, an absorber of CO, ¡is destroyed. 
AIlso, as the forests are destroyed, less water vapor is released 
into the air to make clouds. 


79. Our need for water is great. A person can live weeks 
without food, but perish without water in a matter of days. 
People who market bottled water are taking advantage of the 
fundamental need for water. 
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81. Marketing, convenience, local water contamination. 
Perhaps the rise in bottled water use from 1990 to 2008 can 
be linked to the rapid growth of the economy. In a worsening 
economic climate, one can imagine the consumption of 
bottled water leveling off or perhaps decreasing. Once a 
product has been widely accepted, however, it is not likely 
to øgo away anytime soon, especially a product so essential to 
our health. 


83. Perhaps the impulse toward conflictis deeply rooted in the 
human psyche. Perhaps locally specific conditions are more 
determinative of likely outcomes in a water management 
conflict, which is only one dynamic factor among many. 


85. You might begin by acknowledging the consensus among 
scientists that greenhouse gas levels have been rising steadily 
since the industrial revolution and that this is having the 
effect of raising the average global temperature. You might 
also acknowledge that the consequences of such an increase 
or continued increase are not known with certainty, but the 
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warning flags are there. We would be foolish not to take 
action that would benefit us even ¡in the unlikely event global 
warming turns out to be a nonissue. You might continue 
further with emphasizing the fact that within every crisis is 
an opportunity and the oil industry ¡is already well seated to 
lead the country with innovations. For example, the money 
spent on a new oil refinery might be spent on establishing 
a wind or solar farm ¡instead. Rather than researching 
how to optimize fossil fuel yields, company chemists and 
engineers could build more efficient batteries. The gas station 
infrastructure the oil industry already owns could also start 
selling replaceable car batteries that are ¡inserted into an 
electric vehicle by an automated system. People with gas 
cars would pull in to buy gasoline. People with electric cars 
would pull in to swap their spent battery for a fully charged 
battery. Does the oil industry really expect people still to be 
driving gasoline vehicles 20 years from now when electric 
vehicles offer so many more advantages? It would be wise to 
emphasize the importance of thinking long term. 


Scientific Notation 
Ils Úsed to Express Large 
and Small Numbers 


In science, we often encounter very large and very small numbers. Written in 
standard decimal notation, these numbers can be cumbersome. There are, for 
example, about 33,460,000,000,000,000,000,000 water molecules in a thimbleful 
of water, each having a mass of about 0.00000000000000000000002991 gram. To 
represent such numbers, scientists use a mathematical shorthand called sc/entific 
notaHon. Written in this notation, the number of molecules in a thimbleful of 
water is 3.346 102 and the mass of a single molecule is 2.991 x 10 ® gram. 

To understand how this shorthand notation works, consider the large 
number 50,000,000. Mathematically, this number ¡is equal to 5 multiplied by 
10 x 10 X 10 X 10 x 10 x 10 x 10. (Check this out on your calculator.) We 
can abbreviate this chain of numbers by writing all the 10s ín an exponential 
form, which gives us the scientific notation 5 x 10”. (Note that 107 is the same 
as 10 < 10 x 10 Xx 10 Xx 10 Xx 10 X 10. Table 1 shows the exponential form 
of some other large and small numbers.) Likewise, the small number 0.0005 
is mathematically equal to 5 đivided by 10 x 10 x 10 x 10, which is 5/10. 
Because dividing by a number is equivalent to multiplying by the reciprocal of 
that number, 5/10 can be written in the form 5 x 107, so in scientific notation 
0.0005 becomes 5 x 10”. (Note the negative exponent.) 

All scientific notation is written in the general form 


C x 10”, 


where C, called the coefficient, is a number between 1 and 9.999... and is 
the exponent. A positive exponent indicates a number greater than 1, and a 
negative exponent indicates a number between 0 and 1 (zof a number less 
than 0). Numbers less than 0 are indicated by putting a negative sign before the 
coefficient (not in the exponent): 


DECIMAL NOTATION SCIENTIFIC NOTATION 


Large positive number 6,000,000,000 6x 102 
(greater than 1) 


Smail positive number 0.0006 @ #% 1M“ 
(between 0 and 1) 


Large negative number —ó,000,000,000 —ó x 107 
(less than —1) 


Small negative number 0.0006 —ó x 10” 
(between —1 and 0) 


Table 2 shows the scientific notation used to express some of the physical data 
often used in science. 


From Appendix A of Conceptual Chemistry, Eifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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Scientific Notation Is UDsed to Express Large and Small Numbers 


TABLE †1 Decimail and Exponential Notations 
1,000,000 =10 1U lƠ 10.10. lU 1Ô 
100,000 =0 10). 010-110-0101 10, 
10,000 = 10x 10 10 10— 10" 
1000 — 1010 <10— 10. 
100 =0. 1) 10. 
10 =0 10, 


1 j = T0? 

0.1 1/10 = 10" 

0.01 I/U0n0T0)< TU” 

0.001 I0 D0. 10) TU: 

0.0001 1/(T0. TU 10 < ñUI = TÚ” 

0.00001 "H0 I0 T0. 0.10 I0 
0.000001 TU 10 1U 1Ô 1U TÚ 1Ụ” 


To change a decimal number that is greater than +1 or less than —1 to 
scientific notation, you shift the decimal point to the left until you arrive at a 
number between 1 and 9.999....... For decimal numbers between +1 and —1, 
you move the decimal point to the right until you arrive at a number between 1 
and 9.999... This number is the coefficient part of the notation. The exponent 
part is simply the number of places you moved the decimal point. For example, 
to convert the decimal number 45,000 to scientific notation, move the decimal 
poit four places to the left to get a number between 1 and 9.999... : 


45,000 = 4.5 x 10f 
MU 
4321 


The number 0.00045, on the other hand, is converted to scientific notation by 
moving the decimail point four places to the right to arrive at a number between 
1 and 9.999...: 


0.00045 = 4.5 x 10Ý 
VYYV: 


1234 


TABLE 2 Physical Data 
Number of molecules in thimbleful of water 3.34ó x 1022 
Mass of water molecule 2.991 x 10 23 gram 
Average radius of hydrogen atom 5 x 101! meter 
Proton mass 1.6726 x 10?” kilogram 
Neutron mass 1.6749 x 10?” kilogram 
Electron mass 9.1094 x 10 3† kilogram 


Electron charge 1.602 x 101? coulomb 


Avogadro's number 6.022 x 1023 particles 


Atomic mass unit 1.6ó1 x 10?! gram 
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Note that because you moved the decimal poïint to the right in this case, you 
must put a minus sign on the exponent. 


YOURTURN 

Express the following exponentials as decimal numbers: 
m1 19" 

E170 

S00 lý 

Express the following decimal numbers in scientific notation: 
d. 740,000 

e. —0.00354 

l5. TS) 


WERE THESE YOUR ANSWERS? 
a. 0.0000001 

b. 100,000,000 

c. 880,000 

q7. 1 

e. —3.54 x 10 Ÿ 

1ð 3 1J6" 


mh 
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Siønificant FiØures Are 
Used to Show Whiich DigitfS 
Have Experinenrfal MeaningØ 


From Appendix B of Cơnceptual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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} Figure 1 Which meterstick offers 
greater precision? 
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Significant Figures Are 
Used to Show Which Digits 
Have Experimental Meaning 


Three kinds of numbers are tused in science—those that are couøfed, those that 
are đefired, and those that are ?0easured. The exact value of a counted or defined 
number can be stated with absolute certainty. For example, you can count the 
number of chairs in your classroom or the number of fingers on your hand. 
Your final count is 100% on the mark. (Of course, this assumes you counted 
correctly, which is easy when the numbers are small, but not so easy when the 
numbers run into the millions, as occurs during an election.) 

Defined numbers are about exact relationships and are defined as being 
true. The defined number of centimeters in a meter, the defined nưumber of 
seconđs in an hour, and the defined number of sides on a square are examples. 
Thus, defined numbers are not subject to error (unless you forget a definition). 

Every measured number, however, no matter how carefully measured, has 
some degree of 1icerfainfy. Thỉs uncertainty (or ?0argim 0ƒ error) in a measure- 
ment can be illustrated by the two metersticks shown ¡n Eigure 1. Both sticks 
are being used to measure the length of a table. Assuming that the zero end of 
each meterstick has been carefully and accurately positioned at the left end of 
the table, how long is the table? 


The upper meterstick has a scale marked off in centimeter intervals. 
Using this scale, you can say with certainty that the length is between 51 and 
52 centimeters. You can say further that it is closer to 51 centimeters than to 
52 centimeters; you can even estimate it to be 51.2 centimeters. 

The scale on the lower meterstick has more subdivisions—and therefore 
greater precision—because it is marked off in millimeters. With this scale, you 
can say that the length ¡is definitely between 51.2 and 51.3 centimeters, and you 
can estimate it to be 51.25 centimeters. 

Note how both readings contain some digits that are cerfz and one digit 
(the last one) that is esfmafed. Note also that the uncertainty in the reading from 
the lower meterstick is less than the uncertainty in the reading from the upper 
meterstick. The lower meterstick can give a reading to the hundredths place, 
but the upper one can give a reading only to the tenths place. The lower one 
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1s more ƒ7c¡se than the top one. So in any measured number, the digits tell us 
the raeniHide of the measurement, and the location of the decimal poïnt tells us 
the precisiơn of the measurement. (Figure 2 illustrates the distinction between 
p†£Cisiơn and accurac.) 

Signficant fieures are the digits in any measured value that are known 
with certainty plus one final digit that is estimated and hence uncertain. These 
are the digits that reflect the precision of the instrument used to generate the 
number. They are the digits that have experimental meaning. The measurement 
51.2 centimeters made with the upper meterstick in Figure 1, for example, has 
three significant figures, and the measurement 51.25 centimeters made with the 
lower meterstick has four sipnificant figures. The rightmost digit is always an 
estimated digit, and only one estimated digit is ever recorded for a measure- 
ment. It would be incorrect to report 51.253 centimeters as the length measured 
with the lower meterstick. This five-significant-figure value has two estimated 
digits (the final 5 and 3) and is incorrect because it indicates a Ør£cisiơ1 greater 
than the meterstick can obtaïn. 

Here are some standard rules for writing and using significant figures. 


RULE1 In numbers that do not contain zeros, all the digits are significant: 


4.1327 five significant figures 
5.14 three significant figures 
369 three significant figures 


RULE2_ All zeros between significant digits are significant: 


8.052 four significant figures 
7059 four significant figures 
306 three significant figures 


RULE3_ Zeros to the left of the first nonzero digit serve only to fix the position 
of the decimal point and are not significant: 


0.0068 two significant figures 
0.0427 three significant figures 
0.0003506 four significant figures 


RULE4_ In a number that contains digits to the right of the decimal point, zeros 
to the right of the last nonzero digit are significant: 


53.0 three significant figures 

53.00 four significant figures 
0.00200 three significant figures 
0.70050 five sipnificant figures 


RULE5 In a number that has no decimal point and that ends in one or more 
zeros, the zeros that end the number are not significant. (To scientists, 
the decimal point is very important. Its presence or absence has great 
implications in regard to the precision of a measurement.) 


3600 two significant figures 
290 two significant figures 
5,000,000 one significant figure 
10 one significant figure 
6050 three significant figures 


£@ 


Good precision 
but 


pOOr accuracy 


Poor precision 
and 
pOOr accuracy 


A3 


Good precision 
and 
good accuracy 


^ Figure 2 Archery as a model 

for understanding the difference between 
precision and accuracy. Precision means 
close agreement in a group of measured 
numbers; accuracy means a measured 
value that is very close to the true value 
of what is being measured. lf you measure 
the same thing several times and get 
numbers that are close to one another 
but are far from the true value (perhaps 
because your measuring device is not 
working properly), then your measure- 
ments are precise but not accurate. 

An example would be measuring your 
weight repeatedly on a broken scale. 
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RULE6 When a number is expressed in scientific notation, all digits in the 
coefficient are taken to be significant: 


4.6 x 1073 two significant figures 
4.60 x 107 three significant figures 
4.600 x 10” four significant figures 
DỤ one sipnificant figure 
3.0 x 1075 two significant figures 
4.00 x 107 three significant figures 


YOURTURN 
How many significant figures are in the following? 
43,384 
. 43,084 
0.004308 
. 43,084.0 
43,000 
f. 4.30 x 10! 


6L @ lại E 


® 


WERE THESE YOUR ANSWERS? 


E 
° 
n 
._4 
d. é 
D2 
là G 


In addition to the rules cited above, there is another full set of rules to be followed 
for significant figures when two or more measured numbers are subtracted, added, 
divided, or multiplied. These rules are summarized in the appendix of the Conceptual 
Chemistry Laboratory Manual. 
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PCcriodic Table of fhe Elemenfs, 
Useful Conversion Facfors, and 
Eundamemnfral ConsfanfS 


From Appendix D of Coønceptual Chemistry, Fifth Edition. John Suchocki. Copyright © 2014 by Pearson Education, Inc. 
All rights reserved. 
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Periodic Table of the Elements, 
Useful Conversion Factors, and 
Fundamental Constants 


Periodic Table of the Elements 


Period 
+> 


| | | | 

lễ 
Ỉ 113 115 117 118 

7 | Uut Uup Uus | Uuo 


Atomic masses are averaged by isotopic abundance on the EarthS surface, 
L] Metalloid expressed in atomic mass units. Conventional IUPAC atomic masses are provided 
L] Nơnme6iI as recommended by G. Kaptay in J. Min. Metall. Sect. BMetoll. 48 (1) B (2012)153 


159. For radioactive elements, this is commonly the whole number nearest the 
Not yet confirmed _ most stable isotope of that element. 
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List of the Elements 


Actinium 
Aluminum 
Americium 
Antimony 
Argon 
Arsenic 
Astatine 
Barium 
Berkelium 
Beryllium 
Bismuth 
Bohrium 
Boron 
Bromine 
Cadmium 
Calcium 
Californium 
Carbon 
Cerium 
Cesium 
Chlorine 
Chromium 
Cobalt 
Copernicium 
Copper 
Curium 
Darmstadtium 
Dubnium 
Dysprosium 
Einsteinium 
Erbium 
Europium 
Fermium 
Flerovium 
Fluorine 
Francium 
Gadolinium 
Gallium 
Germanium 
Gold 
Hafnium 
Hassium 
Helium 
Holmium 
Hydrogen 
lndium 
lodine 
lridium 

lron 
Krypton 
Lanthanum 
Lawrencium 
Lead 
Lithium 
Livermorium 
Lutetium 
Magnesium 


SYMBOL 


ATOMIC 
NUMBER 


ATOMIC 
WEIGHT 


227.028 
26.982 
243. 
121.76 
39.948 
74.922 
210 
I3W9 20 
247 
9.012 
208.980 
269 
10.811 
79.904 
112.411 
40.078 
251 
12.011 
140.115 
132.905 
35.453 
51.996 
58.933 
285 
63.546 
247 
281 
268 
162.5 
255) 
167.26 
151.964 
257 
289 
18.998 
229) 
IIl9//225 
69.723 
72.61 
196.967 
178.49 
277 
4.003 
164.93 
1.0079 
114.82 
12.905 
192.22 
55.845 
83.8 
138.906 
256 
207.2 
6.941 
293 
174.967 
24.305 


Manganese 
Meitnerium 
Mendelevium 
Mercury 
Molybdenum 
Neodymium 
Neon 
Neptunium 
Nickel 
Niobium 
Nitrogen 
Nobelium 
Osmium 
Oxygen 
Palladium 
Phosphorus 
Platinum 
Plutonium 
Polonium 
Potassium 
Praseodymium 
Promethium 
Protactinium 
Radium 
Radon 
Rhenium 
Rhodium 


Roentgenium 
Rubidium 
Ruthenium 
Rutherfordium 


Samarium 
Scandium 
Seaborgium 
Selenium 
Silicon 
Silver 
Sodium 
Strontium 
Sulfur 
Tantalum 
Technetium 
Tellurium 
Terbium 
Thallium 
Thorium 
Thulium 
Tin 
Titanium 
Tungsten 
Uranium 
Vanadium 
Xenon 
Ytterbium 
Yttrium 
Zinc 
Zirconium 


SYMBOL 


ATOMIC 
NUMBER 


ATOMIC 
WEIGHT 


54.938 
276 
299) 
200.59 
95.94 
144.24 
20.180 
Z251/ 
58.69 
92.90ó 
14.007 
259 
190.23 
1S) 
106.42 
30.974 
195.08 
244 
209 
39.098 
140.908 
145 
231.03ó 
226.025 
222 
18ó.207 
102.906 
280 
85.4ó8 
101.07 
265 
150.3ó 
44.956 
270 
78.96 
28.086 
107.868 
22.990 
87.62 
32.0óó 
180.948 
98 
127.60 
158.925 
204.383 
232.038 
168.934 
118.71 
47.88 
183.84 
238.029 
50.942 
f[k3//2227 
173.04 
38.906 
G5590) 
91.224 
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Periodic Table of the Elements, Useful Conversion Factors, and Fundamental Constants 


Useful Conversion Factors 


Length 
SĨI umit: teter (1) 


1 km =0.621 37 mi 
1 mi = 5280 ft 
= 1.6093 km 
1m=1.093ó yd 
1 in. = 2.54 cm (exactly) 
1 cm =0.393 70 m. 
1Á=1U '?®m 


1nm=102”m 


Mass 
SĨ nmt: kilosram (ks) 


1 kg = 10 g =2.2046 lb 

1oz=28.345g 

1lb=16oz=453.6 g 
1 amu = 1.661 x10 g 


Temperature 
SĨ umit: Keluin (K) 


0K=-273.15°C 
= -459.67°E 
K=°C +273.15 


5 
°C=_ (E-32 
cm =3) 


She l (°C) + 32 


Fundamental Constants 


Avogadro/s number = 6.02 x 10? = 1 mole 

Mass of electron, r, = 9.109 390 x 103! kg 
= 1/1856 of mass of H 

Mass of neutron,?n, = 1.674 929 x 10”? kg 
# mass of H 

Mass of proton, 7, = 1.672 623 x 10” kg 
# mass of H 

Planck/s constant, = 6.626 x 103] - s 

Speed of light,  c=3.00x10m/s 
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Energy 
ST umif: Joule (]) 


1] =0.239 01 cal 
1 kj =0.239 kcal 
1 cal = 4.184 J 


Pressure 
SĨI umit: Pascal (Pa) 


1 atm = 101,325 Pa 
= 760 mm HE (torr) 
=29.9in. Hg 
= 14.696 Ïb/in.? 


Volume 
ST unit: cubic tmeter (1Š) 


1L=103mồ 

=1 dmŠ 
= 108 cmŠ 
=1.057 qt 

1 gal=4qt 
=3.78541L 

1 mL=0.0339 fl oz 

1cmS3=1mL 
= 10-8 m3 

1 in.3 = 16.4 cmồ 


Periodic Table of the Elements, seful Conversion Factors, and Fundamental Constants 


Credits 


Credifs are listed in order of appearance. 
Kaptay, G: “Journal of Mining and Metallurgy, 
Section B: Metallurgy vol.48B”`; 'Technical 
Faculty 2012 
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From the Endpapers of Conceptual Chemmistrụ, Fifth Edition. John Suchocki. Copyright © 2014 by 
List of the Elements peaxson Education, Inc. All rights reserved. 


NAME SYMBOL ATOMIC ATOMIC NAME SYMBOL ATOMIC ATOMIC 
NUMBER WEIGHT NUMBER WEIGHT 
Actinium Ac 89 227.028 Manganese Mn 25 54.938 
Aluminum AI tE) 26.982 Meitnerium Mt 109 276 
Americium Am 95 243 Mendelevium Md 101 259 
Antimony Sb Bẵi 12/1276 Mercury Hg 80 200.59 
Argon 18 39.948 Molybdenum Mo 42 95.94 
Arsenic 33 74.922 Neodymium Nd ó0 144.24 
Astatine 85 210 Neon Ne 20.180 
Barium Đó 137.327 Neptunium Np 237 
Berkelium 97 247 Nickel Ni 58.9 
Beryllium 4 9.012 Niobium Nb 92.90ó 
Bismuth Ĩ 83 208.980 Nitrogen N 14.007 
Bohrium 269 Nobelium No 259 
Boron 10.811 Osmium Os 190.23 
Bromine 79.904 Oxygen O 15.999 
Cadmium 112.411 Palladium Pd 10ó.42 
Calcium 40.078 Phosphorus 30.974 
Californium 25] Platinum 195.08 
Carbon 12.011 Plutonium 244 
Cerium 140.115 Polonium 209 
Cesium 132.905 Potassium 39.098 
Chlorine 35.453 Praseodymium 140.908 
Chromium 51.996 Promethium 145 
Cobalt 58.933 Protactinium 231.036 
Copernicium 285 Radium 224.025 
Copper 63.546 Radon 222 
Curium 247 Rhenium 18é.207 
Darmstadtium 281 Rhodium 102.906 


Dubnium 268 Roentgenium 280 
Dysprosium 162.5 Rubidium 85.4ó8 
Einsteinium 253 Ruthenium 101.07 
Erbium 167.26 Rutherfordium 2/5 


Europium 151.964 Samarium 150.3ó 
Fermium 2Đy/ Scandium 44.956 
Flerovium 289 Seaborgium 270 
Fluorine 18.998 Selenium 78.96 
Francium 223 Silicon Ỉ 28.086 
Gadolinium 15/25) Silver 107.868 
Gallium 69.723 Sodium 22.990 
Germanium 72.61 Strontium 87.62 
Gold 196.967 Sulfur 32.0óó 
Hafnium 178.49 Tantalum 180.948 
Hassium 277 Technetium 98 
Helium 4.003 Tellurium 127.60 
Holmium 1ó4.93 Terbium 158.925 
Hydrogen 1.0079 Thallium 204.383 
lndium 114.82 Thorium 232.038 
lodine 126.905 Thulium 168.934 
lridium I2 Tin 118.71 
lron 55.845 Titanium Ï 47.88 
Krypton 83.8 Tungsten 183.84 
Lanthanum 138.906 Uranium 238.029 
Lawrencium 256 Vanadium 50.942 
Lead 207.2 Xenon 131.29 
Lithium Ỉ 6.941 Ytterbium 173.04 
Livermorium 293 Yttrium 88.90ó 
Lutetium 174.967 Zinc 65.39 
Magnesium 24.305 Zirconium 91.224 
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Periodic Table of the Elements, Useful Conversion Factors, and Fundamental Constants 


Useful Conversion Factors 


Length 
SĨ umit: tmeter (1) 


1 km =0.621 37 mi 
1 mi = 5280 ft 
= 1.6093 km 
1m=1.093ó yd 
1 in. = 2.54 cm (exactly) 
1 cm =0.393 70 m. 
1Á=1U '?®m 


1nm=102”m 


Mass 
SĨ nmít: kilosram (kg) 


1 kg = 10 g =2.2046 lb 

1oz=28.345g 

1lb=16oz=453.6 g 
1 amu = 1.661 x10 g 


Temperature 
SĨ umit: Keluin (K) 


0K=-273.15°C 
= -459.67°E 
K=°C+273.15 


5 
°C=_ (E-32 
cm =9) 


°E= l (°C) +32 


Fundamental Constants 


Avogadro/s number = 6.02 x 1023 = 1 mole 

Mass of electron, r, = 9.109 390 x 10”! kg 
= 1/1856 of mass of H 

Mass of neutron,?n, = 1.674 929 x 10”? kg 
 mass of H 

Mass of proton, 7, = 1.672 623 x 10” kg 
mass of H 

Planek“s constant, h = 6.626 x 1034] - s 

Speed of lipht,  c=3.00x10m/s 
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Energy 
ST umif: Joule (]) 


1] =0.239 01 cal 
1 kj =0.239 kcal 
1 cal = 4.184 J 


Pressure 
SĨI umit: Pascal (Pa) 


1 atm = 101,325 Pa 
= 760 mm Hg (torr) 
=29.9¡in. Hg 
= 14.696 Ib/in.? 


Volume 
ST unit: cubic tmeter (1Š) 


1L=103mồ 

=1 dmŠ 
= 108 cmŠ 
=1.057 qt 

1 gal=4dqt 
=3.78541L 

1 mL=0.0339 fl oz 

1cmS3=1mL 
= 10-8 m3 

1 in.3 = 16.4 cmồ 


Index 


2 

2-Butene, 403-404, 430-431 
2-Methyl-2-propanol, 407 
2-Propanol, 318, 407 


A 

Absolute zero, 41, 47-48, 53, 56, 280 

Acetaminophen, 434, 517-518 

Acetate ion, 336, 413 

Acetic acid, 191, 194, 206, 335-337, 341-342, 350, 
356, 392, 406, 412-413 

Acetone, 229, 411-412 

Acetylsalicylic acid, 343, 413, 516 

Acid, 24, 48, 92, 186, 191, 194, 206-207, 229, 
231-232, 245, 249, 251, 284-285, 328-353, 
356-357, 360, 375, 389-390, 392, 406-408, 
410-414, 421-422, 428-429, 432-435, 437, 
439-440, 444, 446-447, 451-458, 466-468, 
477-484, 494-495, 500-501, 504, 509-511, 
524-525, 528-529, 540, 559, 562, 582-583, 
590 

Acid rain, 344-346, 349, 352-353, 357, 380, 582-583, 


effects of, 346, 590 
sulfur dioxide and, 344, 346, 380 
Acidic solution, 338-340, 349, 351-352, 357 
Acids, 327-357, 386-387, 410-412, 414, 424-425, 
429-430, 432, 437-438, 440, 442-443, 
451-452, 454-458, 462, 466, 468-470, 472, 
475, 477-482, 484-485, 496, 498, 537-538, 
547, 549, 553, 557, 560, 595 
amino, 387, 437, 442, 454-458, 460, 462, 466, 468, 
475, 477-481, 484-485, 498, 538, 549, 
557, 560, 595 
Lewis, 333, 350, 356 
nucleic, 442-443, 462, 466, 468-470, 472, 477-479, 
481, 484, 496, 537, 553 
Actinides, 77-78, 91, 95, 610 
Actinium, 77, 170, 611 
Activation energy (Ea), 310 
Addition polymer, 417, 419-420, 429-430, 434, 439 
Adenine, 462-465, 468 
Adenosine triphosphate (ATP), 468 
Adhesive forces, 262, 264, 278-279, 281, 283, 
286-287 
Adipic acid, 421-422 
Adrenaline, 492 
Air, 3, 10, 12-14, 23, 25, 31, 33-38, 43, 45-50, 52-55, 
S7, 60-62, 71, 76, 81, 84-85, 92, 95, 98, 
104-105, 142, 146, 151, 162, 173, 176, 
223-224, 230-231, 236, 241, 243-245, 251, 
255-256, 263, 265, 267, 272, 280-283, 
286-287, 310-312, 314-315, 344-345, 347, 
352, 356-357, 370, 378-379, 382, 391-393, 
433, 435-436, 483-484, 565-600 
Air pollution, 136, 142, 352, 376, 566, 579-580, 592, 
594 
Alanine, 455, 457-458 
Alaska, 347 
Alchemists, 31-32, 76, 154 
Alchemy, 31, 51, 108 
AIlcohols, 228, 396, 406-410, 429-430, 432, 438, 481 
hydroxyl group, 406-409, 429, 438 
wood, 406 
Aldehydes, 406, 411-412, 414, 429-430, 438, 580 
Alkali metals, 76 
Alkaline, 24, 75-76, 125, 241, 284, 328-330, 338-339, 
342-343, 345-346, 348-349, 356-357, 367, 
371, 434, 438, 454, 557-559 
Alkaline batteries, 367 
Alkaline battery, 367 
Alkaloids, 396, 410-411, 429-430, 432, 438, 499 
Alkanes, 403-404 
isomer, 404 
Alkenes, 403-404 
Alkynes, 404 


acetylene, 404 
AIloy, 15, 189, 205-206, 212, 223, 354 
AIloys, 73, 188, 223 
copper, 223 
nickel, 223 
steel, 223 
zinc, 73, 223 
Alpha rays, 147 
Aluminum, 20, 36-38, 80, 84, 93-94, 125, 128, 136, 
142, 148, 177, 187-188, 190, 194, 209, 223, 
236-237, 271, 279, 303, 350, 355-356, 360, 
375-377, 381, 385-386, 392, 567 
charge of, 187 
specific heat of, 279 
Aluminum chloride, 194, 209 
Aluminum hydroxide, 236 
Aluminum ion, 187, 350, 356, 375 
Aluminum oxide, 187-188, 190, 209, 223, 375-376, 
381, 386 
Amino acids, 387, 454-458, 462, 466, 475, 477-481, 
484-485, 498, 538, 549, 557, 560, 595 
common, 478-479, 484-485, 498, 549 
essential, 455, 475, 478, 484, 538, 560 
Ammonia, 69-70, 78, 80, 84, 191-194, 198, 204, 206, 
208, 271, 293, 319, 321, 331-332, 336, 
339-340, 342-343, 350-351, 356-357, 366, 
469-470, 542, 559, 562 
pH of, 336, 340, 342-343, 351, 356-357 
shape of, 204 
Ammonium chloride, 80, 342, 351, 357, 366, 436 
Ammonium dichromate, 69-70 
Ammonium ion, 194, 331-332, 367, 558, 562 
Ammonium nitrate, 542-543 
Ammonium perchlorate, 303 
Amphoteric, 337, 348, 351 
Amylopectin, 448-449 
Amylose, 448-449 
Anion, 183 
Anions, 562 
Anode, 106, 366-370, 382, 384, 387, 393 
corrosion and, 384 
Antifreeze, 228, 258, 271 
Aqueous solufions, 229 
Arginine, 455, 475 
Argon, 76, 81, 128-129, 136, 142, 181, 207, 212, 220, 
S77 
properties of, 129, 142 
Aristotle, 3, 19, 21, 31-32, 56 
Aromatic, 44, 404, 429-430, 438, 516, 584 
Aromatic compounds, 404, 430, 438 
Aromatic hydrocarbons, 584 
Asbestos, 8 
Ascorbic acid, 467 
Asparagine, 455 
Aspartic acid, 455 
Aspirin, 10, 15, 30, 320, 343, 400, 413-414, 425, 433, 
489-490, 516-518, 523 
Astatine, 611 
Atmosphere, 2, 11, 14, 23-24, 30, 43, 50, 53, 55-56, 
61-62, 81, 85, 104-105, 149-150, 157-158, 
169, 174, 176, 230, 251, 258, 267-268, 281, 
287, 295, 309, 312-314, 322, 343-344, 346, 
386, 391, 533, 543, 558-559, 566-569, 
576-581, 584-586, 588-589, 591-595, 
598-599 
air pollution, 566, 579-580, 592, 594 
oxygen in, 251, 533 
ozone depletion, 320, 595 
ozone in, 312 
structure of, 558 
Atmospheric pressure, 38, 41, 50, 105, 268-269, 279, 
286, 321, 567, 578, 594, 599 
Atom, 12, 28-31, 33, 52, 54, 60, 64, 67, 71-72, 78-80, 
84, 90-91, 94, 98-99, 108-114, 116-134, 
136-139, 142-143, 147-148, 154-155, 
157-158, 160, 168-169, 171, 181-188, 
191-201, 203-209, 212-213, 220-221, 250, 


292-296, 317, 330-331, 357, 372-373, 376, 
378, 383-384, 402-403, 405, 408-412, 415, 
418, 429, 431-432, 439, 454, 462-463, 477 
atomic number, 110-111, 113, 129-130, 133-134, 
136-139, 142, 148, 169 
diameter of, 109, 154 
electron configuration, 124-127, 133-134, 138 
isotopes, 111-113, 133, 139, 142, 157, 171 
mass number, 111, 133-134, 142, 169 
Atomic bomb, 166-167 
Atomic Mass, 110, 112-113, 133-135, 137, 139, 142, 
165, 170, 176, 295, 297, 299, 317-319, 602 
Atomic mass unit (amu), 295 
Atomic nucleus, 102, 105, 109-111, 120, 124, 129, 
132-134, 136-137, 143, 145-177, 188 
Atomic number, 110-111, 113, 129-130, 133-139, 142, 
148, 153-155, 164-165, 169-170, 176-177, 
611 
Atomic orbitals, 120, 122-124, 126, 133-134 
ATP, 468-470, 472, 479-481, 485, 526-527, 537 
Average speed, 43, 52 
Avogadro, Amedeo, 48, 297 


B 
Baking powder, 84 
Baking soda, 65-67, 84, 329, 351, 385 
Balanced chemical equafion, 298-299, 317-320, 
324-325, 386-388 
Balances, 187, 293 
Balancing equaftions, 293 
Barium, 116, 164, 207, 611 
Bases, 327-357, 411, 425, 463-465, 478 
very weak, 338, 350 
Basic solution, 339-340, 349, 352-353 
Batteries, 329, 360, 365-371, 384, 387, 600 
Battery, 61, 319, 325-326, 340, 365-368, 371-372, 
375, 382, 384-385, 387, 392-393, 600 
Bauxite, 375-376 
Bends, 139, 245, 262, 354 
Benzaldehyde, 411-412, 433, 439 
Benzene, 206, 210, 403-404, 408, 429, 438, 529 
Benzocaine, 524 
Benzoic acid, 433, 439 
Berkelium, 611 
Beryllium, 128, 137-138, 143, 611 
electron configuration for, 138 
Bias, 249 
Bicarbonate ion, 195, 351, 357, 540 
Biochemistry, 501 
Biofuels, 59 
Biomolecules, 88, 96, 251, 442-444, 451, 454, 460, 
462, 467, 469-471, 473, 475, 477-482, 484, 
491, 496, 517, 537 
Bismuth, 172, 611 
Blast furnace, 377-378, 380, 385 
Bleaching, 284, 387, 391 
Blood pressure, 506, 509, 511, 520 
Bohr, Niels, 117 
Boiling, 41-42, 46-47, 49, 51, 53-56, 60, 73, 76, 78, 
83, 94, 98, 161-162, 202-204, 207-209, 213, 
217, 220, 229, 233, 236, 244-247, 250-251, 
265, 268-270, 278, 280-283, 385, 398, 401, 
405-411, 430-432, 438, 478, 481 
Boiling point, 41-42, 46, 49, 78, 94, 202, 204, 207-209, 
213, 217, 220, 229, 244-245, 250-251, 
268-270, 280-281, 398, 405, 407, 431, 438 
of hydrogen, 202, 213, 270, 431 
of solution, 244, 250-251, 281 
Bond energy, 300-303, 316 
Bonding, 87, 132, 181-182, 191-193, 195, 197-201, 
205, 213, 220, 262, 265-266, 301, 309, 333, 
373, 376, 410, 460-461, 464-465, 484-485, 
491, 528 
of carbon, 193, 213 
Bonding electrons, 182, 198-199, 201, 213, 217-218, 
383 


Bonding pair, 191, 205 
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Bonding pairs, 195 
Boron, 74, 90, 161, 201-202, 204, 350, 373, 536, 611 
elemenital, 90 

Boron trifluoride, 201-202 

Bottled water, 237-238, 240-241, 246, 258, 594, 
599-600 

Boyle, Robert, 46 

Brass, 223 

Breathing, 29, 38, 104, 245-246, 343, 353, 388, 393, 
582 

Bromide, 83, 280, 437 

Bromine, 73-74, 76, 125, 135, 208, 392, 611 

Bronze, 354 

Buckminsterfullerene, 6-9, 19, 21-22, 92 

Buffer, 328, 341-342, 348-349, 351, 356 

Buffer solutions, 341-342, 349, 351 

Burning, 9, 11, 23, 25, 40, 92, 150, 161-162, 166, 238, 
269, 275-276, 280, 290, 300, 307, 320, 
322-323, 325, 347, 352, 382-383, 391-392, 
401, 404, 538, 586-588, 594-595, 599 

Butene, 403-404, 430-431 

Butyl, 400 

Butyric acid, 474 


C 
Caffeine, 83, 410-411, 432, 434, 440, 474, 489-490, 
504-505, 509-510, 525, 529, 543 
Calcium carbonate, 229, 234, 328, 343, 345, 347, 
351-353, 357, 541 
Calcium silicate, 377 
Calculators, 367, 372, 435 
Californium, 152, 611 
Camphor, 425, 434, 440 
Carats, 194 
Carbohydrates, 15, 306, 387, 442-444, 446-448, 451, 
466, 469-473, 475, 477-479, 481, 484, 533, 
535, 553, 562 
complex, 443-444, 446-448, 470, 472, 475, 
477-478 
disaccharide, 446 
monosaccharide, 444, 446-448, 478, 481 
polysaccharides, 446-447 
simple, 443-444, 446-448, 475, 477 
sugar, 306, 448, 472-473, 477 
Carbon, 5-6, 8, 12, 19, 22-25, 43-44, 66-67, 71-74, 
80-81, 84, 87, 95, 99, 112-113, 127-128, 
136-137, 142-143, 150, 153, 157-159, 
168-169, 171-174, 176-177, 180-182, 
190-194, 201-204, 206, 213, 221, 230-232, 
245, 291-292, 294-299, 303, 306, 313-314, 
317-319, 328, 342-352, 356-357, 363, 
369-371, 377-379, 383-387, 389-390, 
392-393, 396-409, 414-415, 418, 420, 
429-435, 438-440, 451-452, 454, 469-470, 
474, 482-484, 509, 533, 540-542, 559, 
584-592, 594 
organic compounds, 81, 396-409, 411-412, 
414-415, 418, 420, 425, 429-432, 
434-435, 438-440, 533 
Carbon atoms, 6, 19, 71, 74, 112-113, 158, 193, 221, 
251, 287, 294-296, 317-318, 378-379, 389, 
396-399, 405, 407, 411, 429-431, 434-435, 
438, 462 
Carbon dioxide, 8, 12, 43, 66-67, 80-81, 84, 137, 143, 
157-158, 180, 194, 197, 201-204, 206, 223, 
230-231, 245, 291-292, 294, 296-299, 303, 
306, 313-314, 318-319, 321, 333, 342-344, 
346-349, 369-370, 383, 385-387, 392-393, 
432, 444, 469-470, 484, 509, 533, 535, 
540-542, 559, 577, 584-592, 594, 598 
atmospheric, 303, 313, 321, 325, 328, 343-344, 
346-349, 352, 356-357, 392, 444, 533, 
535, 542, 584-586, 588-589, 591-592, 
594 
carbonation, 343 
formula mass of, 294, 318 
molar mass of, 299 
solubility of, 230, 251, 589 
supercritical, 43, 197, 351 
Carbon dioxide (CO2), 598 
Carbon disulfide, 425, 440 
Carbon monoxide, 80, 314, 319, 378, 469, 577 
Carbon nanotubes, 87 
Carbon-14 dating, 158, 168, 171 
Carbonate ion, 80, 186, 212, 234, 250-251, 351, 357, 
370, 387 
Carbonates, 347, 376 
Carbonic acid, 186, 231, 328, 333, 342-344, 346-347, 
351, 353, 357, 392, 540 
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Carbonyl group, 411, 415, 429-430 
Carboxyl group, 413 
Cars, 12, 68, 97, 137, 188, 228, 314-315, 402, 527, 
590, 600 
electric, 68, 188, 590, 600 
Catalyst, 290, 312-317, 320, 324, 369, 407, 443, 598 
Catalytic converter, 314, 592, 594, 598 
Catalytic converters, 87, 314 
Catalytic destruction of ozone, 321 
Cataracts, 97 
Cathode ray, 106-108, 134-136 
Cathode ray tube, 106, 135 
Cathodic protection, 381-382 
Cellulose, 59, 284-285, 325, 424-426, 440, 447, 
449-451, 471, 478-479, 481, 484, 562 
Celsius, Anders, 41 
centi-, 17 
Chadwick, James, 110 
Chain reaction, 147, 160, 168-169, 171, 177 
uranium, 160, 169, 171, 177 
Chemical bonds, 181-182, 198, 205, 229, 300, 310, 
415, 457, 491 
ionic, 182, 198, 205 
Chemical change, 11, 67-69, 78, 82, 90, 93-95, 99, 
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lonic liquids, 59 
lonization, 131-133, 136, 138, 143, 151, 389 
lonization energy, 131, 133, 136, 138, 143 
Iron, 31, 37, 48, 54, 61, 68-69, 76, 81, 93-94, 99, 
110-111, 139, 163-167, 171-172, 176-177, 
185, 187, 270-271, 275, 286, 319, 329, 352, 
363-365, 377-382, 384-385, 387-389, 
392-393, 460, 467, 469, 503 
cast, 378-379, 388, 393 
in hemoglobin, 467 
pig, 378 
rusting of, 68, 307 
lsoleucine, 455, 475-476 
lsomer, 399, 402, 404, 432, 438-439, 474 
lsomerism, 403 
Isomers, 398, 429-432, 435, 438 
alkane, 429 
alkene, 429 
cis, 430, 432 
structural, 398, 429-432, 435, 438 
trans, 431-432 
lsooctane, 401-402 
Isopropyl alcohol, 228, 349, 397, 407-408 
lsotopes, 111-113, 133, 135, 139, 142, 151-152, 
156-157, 159, 161-162, 165, 170-171, 176 


J 
doule (J), 612 


K 

Kelvin (K), 612 

Kerosene, 401, 431, 438 
kilo-, 16-17, 35 

Kilogram (kg), 612 

Kinetic molecular theory, 49 


L 
Lactic acid, 353 
Lanthanides, 77, 91, 610 
Lanthanum, 77, 367, 611 
Lavoisier, Antoine, 11, 31 
Lawrencium, 611 
Laws, 10-12, 19, 28, 46, 48-49, 52, 55, 249, 483 
mass conservation, 11, 52 
Leaching, 540, 542, 559 
Leucine, 455, 475-476, 479 
Lewis structures, 194 
Life, 12-14, 21-22, 32, 72, 89, 96-97, 146, 149, 166, 
168-172, 176-177, 182, 213, 245, 251, 285, 
307, 309, 311-313, 320, 344, 366-367, 372, 
383, 424, 434, 441-485, 497-498, 525, 529, 
559, 577 
Light, 3-6, 22, 28, 39-40, 54, 65, 76-77, 85, 91, 99, 
102-104, 106, 113-121, 134-135, 139, 
142-143, 148, 153, 155, 161, 163-166, 168, 
176, 188-189, 236-237, 303-304, 320-321, 
325-326, 354-355, 372-374, 383-385, 389, 
393, 427, 478, 484, 584-585, 591 
continuous spectrum, 115-116, 135 
diffraction, 114-115, 120, 134-135 
electromagnetic spectrum, 114, 134, 139 
frequency, 113-115, 119, 139, 143, 148, 168, 176 
infrared, 114, 584-585, 591 
interference, 120 
quantization of, 121 
ultraviolet, 114, 148, 236, 312, 320-321, 325 
wavelength, 103, 113-114, 121, 584 
Lightbulb, 337-338, 363 
Light-emitting diodes (LEDs), 77 
Lightning, 106, 290, 304, 309, 317, 324, 388, 536-537, 
62, 599 
Limestone, 328, 343, 345-346, 352-353, 357, 380, 
392, 541 
Lipid bilayer, 245 
Lipids, 387, 442-443, 451-454, 466, 469-473, 478-479, 
481, 484, 545, 553 
fatty acids, 387, 451-452, 479, 484 
glycerol, 451-452, 479, 484 
steroids, 451-454, 470, 478, 481, 484 
triglycerides, 451, 479, 484 
Liquid matter, 51 
Liquid solution, 85 
Liquids, 28, 37-38, 43-44, 49-52, 56, 59, 73, 77, 82, 
98, 223, 228, 230, 232, 259, 269, 398, 434, 
468 
boiling point, 49, 269, 398 
evaporation of, 98 
glass, 52, 223, 259 
Lithium, 72, 80, 124-125, 128-132, 135-138, 142, 213, 
297, 365, 367-368, 384, 392, 611 
Lithium oxide, 80 
Lithium-ion batteries, 368 
Lock-and-key model, 491-492, 522, 524 
Logarithm, 339-341, 348-349, 353 
Lone pairs, 194, 197, 208 
Lowry, Thomas, 329 
Lysine, 433, 454-455, 475-476, 480 


M 
Machines, 141, 189, 284, 570 
Macromolecules, 469, 501 
Magnesium oxide, 80 
Magnetic field, 107, 113, 124, 136, 139, 148, 167, 183 
Manganese dioxide, 366-367 
Marble, 2, 136, 177, 221 
Mars, 13, 21, 388 
Mass, 6, 8, 11-13, 15-16, 19, 28, 31-32, 34-39, 51-54, 
60-61, 75, 107-113, 117, 133-137, 139-143, 
148, 155, 160-161, 163-166, 168-172, 
176-177, 207-209, 225-226, 250-251, 273, 
283, 285-287, 292-299, 316-320, 324-326, 
367, 374, 376, 386, 388, 393, 406, 417, 430, 
435, 479, 485, 526-527, 567, 577-579, 591, 
593-594, 601-602 
balances, 293 
isotopic, 146, 169, 171 


Mass ratio, 107 
Matter, 2-3, 6-7, 10, 12-13, 19, 21, 27-58, 60-62, 71, 
82, 84, 87, 90-91, 93-94, 99, 108, 117, 
120-121, 135-136, 138, 140, 143, 148, 155, 
157-158, 167, 175, 177, 183, 250, 259, 265, 
267, 284, 316, 344, 400, 469, 485, 533, 
539-540, 542, 556, 573-576, 591-592, 599, 
606 
compound, 82, 84, 90-91, 93-94, 99, 292, 367, 400, 
524, 562 
element, 6, 34, 71, 82, 84, 90-91, 93-94, 99, 102, 
117, 135, 155, 157, 177, 250, 292 
states of, 84, 90 
Measurement, 16, 18, 20, 41, 61, 606-607 
calculations, 18 
Measurements, 7, 15, 23, 138, 586, 607 
Mechanism, 97, 231, 239, 242, 507, 522, 529, 560 
Medicine, 2, 12, 14, 20, 89, 96, 140, 150-151, 355, 
465, 484, 489-490, 492, 516, 518, 521, 
523-525, 528 
ulcers, 355 
mega-, 17 
Melting, 24, 44-45, 51-52, 56, 67, 73, 78, 83, 140, 186, 
209, 227, 229, 247, 250, 254, 256-258, 
274-275, 278-282, 286-287, 375, 406-407, 
417, 431, 435, 452, 482, 567, 589 
of ice, 256, 258, 274, 278-282, 286-287 
Melting points, 83, 186, 250, 452 
Mendeleev, Dmitri, 32, 60 
Menthol, 433 
Mercury, 37, 40, 66, 81, 135, 137, 174, 210, 259, 281, 
322-324, 367, 557, 611 
Metalloids, 73-74, 90, 209 
Metallurgy, 613 
Metals, 31, 51, 73-77, 84, 90, 95, 161, 174, 180, 185, 
187-190, 209-210, 306, 322, 355, 362, 
375-378, 381-382, 384-385, 392-393 
ores, 76, 189-190, 209, 375-377, 387 
reduction of, 362 
Meter (m), 612 
Methionine, 455, 475-476, 538, 595, 599 
Methyl group, 400, 405, 438, 485 
Metric system, 16, 20-21 
density, 16 
prefixes, 16, 20 
micro-, 17 
Microwaves, 113-114 
Miles, 16, 18, 20, 43, 48, 173-174, 283, 368, 534, 569 
milli-, 16-17 
Millikan, Robert, 107 
Minerals, 76, 150, 159, 185, 236, 246-247, 328, 
346-347, 357, 437, 442-443, 466-469, 
471-472, 477-480, 542-543, 553, 559 
chloride, 247, 357, 468 
oxide, 357, 437 
Mixing, 85, 223-224, 236, 242-243, 306, 324, 334, 
341, 354, 490, 574 
Mixtures, 64, 75, 81-85, 90-91, 94, 98, 141, 216-217, 
223, 291, 334, 342, 401 
Molar mass, 299, 316, 593 
Mole (mol), 48 
Molecular formula, 397-398, 431-432, 435, 455 
Molecular geometry, 251, 256 
Molecular shape, 197, 206, 208 
Molecules, 2, 6, 8, 12, 14-15, 19, 29-31, 33-34, 38-43, 
46, 48-49, 51-53, 55-56, 60-62, 65-69, 72, 
78, 81-84, 86-88, 93-96, 98-99, 104, 134, 
150-151, 162, 166, 173, 180-181, 191-198, 
208, 215-251, 254-259, 262-271, 275, 
286-287, 290-292, 294-297, 300-314, 
316-317, 319-321, 331, 333, 335-338, 347, 
350-351, 356-357, 371, 383, 385-389, 391, 
393, 398-399, 414-419, 421, 429-440, 
442-446, 448-452, 455, 460-461, 464, 
468-470, 472, 477, 479-482, 484-485, 489, 
491-492, 503, 528, 576-580, 601-602 
diatomic, 319, 325 
mono-, 80, 477 
Monomer, 416-418, 421, 424, 429-430, 438-439, 446, 
451, 454, 462, 477, 481 
Monomers, 416-421, 429, 434, 439, 446, 448-449, 
462, 477, 481 
Monosaccharides, 387, 445-447 
Morphine, 488-492, 506, 510, 516-519, 524, 528 
Motion, 28, 35, 39-43, 45, 47, 49, 51-52, 54-56, 60-61, 
105, 107, 120-121, 258-260, 270, 272, 281, 
373, 425 
Mylar, 29, 421 


N 
Nano-, 17 
Nanomachines, 89 
Nanotechnology, 8-9, 19, 58, 64, 87-91, 99, 374 
Nanotubes, 8-9, 74, 87, 93 
carbon, 8, 74, 87 
Naphthalene, 404 
Natural products, 434, 488-489, 492, 509, 528 
Negative charge, 79, 107, 109-110, 129, 147-148, 192, 
200, 234, 337, 350-351, 357, 363-364, 373, 
383, 392, 413, 514 
Neon, 106, 112, 116, 128, 130-131, 138-139, 143, 
181, 207, 212, 577 
isotopes of, 112 
Neopentane, 397-398, 400, 402 
Nerve cells, 497, 502 
Neutral solution, 339-340, 349, 351-352 
Neutralization reactions, 334 
Neutrons, 102, 105, 110-112, 133-134, 137, 147-148, 
153-155, 157, 159-161, 163, 166, 168-172, 
176 
Nicotine, 489, 493, 505, 509-510, 523-525, 528-529, 
544, 547 
Niobium, 611 
Nitrate, 80, 98, 186, 230, 245, 365, 424-425, 535-537, 
540, 542-543, 549, 559 
Nitrates, 309, 388, 520, 573 
Nitric acid, 583 
Nitride, 207 
Nitrite, 520 
Nitrogen, 47, 71-72, 76, 78, 80-81, 84-85, 94, 128, 
134, 141-142, 157-158, 169, 192-194, 202, 
204, 206-207, 209, 218, 290, 292-293, 299, 
308-310, 317, 319-321, 344, 388, 429-430, 
432, 438-439, 462, 523, 535-537, 540, 
542-543, 553-554, 556-562, 573, 577, 583, 
593-594, 598-599, 611 
compounds of, 80-81, 573 
sources for, 542 
Nitrogen dioxide, 80, 310, 320, 577, 583, 593 
Nitrogen molecule, 71 
Nitrogen oxides, 583 
Nitrogenase, 535-536 
Nitroglycerin, 520 
Nitrous oxide, 516 
Noble gases, 76, 199, 392 
Nonbonding electrons, 197, 218, 331 
Nonbonding pairs, 182, 195-198, 204-205 
Nonpolar solvent, 231 
Nonpolar solvents, 231 
Novocaine, 516 
Nuclear charge, 129-131, 133-134, 138-139, 142-143, 
199, 208-209, 212-213, 357 
Nuclear equation, 154-155 
Nuclear fission, 147, 159-161, 165, 168-169, 171-172, 
177 
chain reaction, 147, 160, 168-169, 171, 177 
uranium-235, 159, 161, 169, 171 
Nuclear fusion, 165-169, 171, 191, 595, 599 
deuterium, 171 
Nuclear power, 15, 146, 150, 159-162, 165, 169, 
171-172, 393 
Nuclear power plant, 15, 159-161 
Nuclear weapons, 438 
Nucleic acid, 444, 462, 477-479, 481, 484 
DNA double helix, 478, 484 
nucleotide, 462, 477-479, 481, 484 
protein synthesis, 477 
Nucleic acids, 443, 462, 466, 468-470, 477-479, 496, 
537, 553 
Nucleons, 111-112, 133, 142, 152-153, 159, 163-165, 
168-172, 176-177 
Nucleus, 97, 102, 105, 108-112, 117-127, 129-134, 
136-139, 142-143, 145-177, 185, 188, 207, 
212-213, 330-331, 352, 443-444, 462, 
477-478, 484, 502 
Nylon, 421-422, 427-428 
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Octane, 220-221, 397-398, 400-402, 406, 430, 435 
orbitals, 120, 122-127, 133-134, 137-138, 143, 181 
shapes, 122-123, 137 
sizes, 123-124 
Ores, 76, 170-171, 189-190, 207, 209, 213, 354, 
375-377, 387-388 
chromium, 76 
cobalt, 170, 354 


Organic chemistry, 396, 399, 405, 415, 429, 438 
alcohols, 396, 429, 438 
aldehydes, 429, 438 
amides, 429 
amines, 396, 429, 438 
aromatic compounds, 438 
carboxylic acids, 429, 438 
esters, 429 
ethers, 396, 429 
ketones, 429, 438 
polymers, 396, 429 
Organic molecules, 162, 191, 399, 405-406, 408, 
415-416, 430-431, 434, 444, 477, 555, 576 
Osmotic pressure, 239-240 
Outermost electrons, 125, 131-132, 143, 182, 212, 
221 
Oxidation and reduction, 361-362, 365, 367, 384 
Oxidizing agents, 380, 384, 392-393 
Oxygen, 12, 29-30, 32, 37, 48, 58-59, 66-68, 71-72, 
76, 78, 80-81, 85-86, 92-95, 98-99, 128, 134, 
137, 143, 157, 171, 174, 181, 183, 192-198, 
201-204, 212-213, 217-220, 223, 227-230, 
241-242, 245-246, 276, 290-292, 294-299, 
306, 308-310, 312-314, 317-320, 333, 
350-351, 356-357, 360-363, 368-370, 
375-376, 378-388, 391-393, 396, 408-411, 
413, 415, 429-430, 432, 435, 443-445, 460, 
462-463, 469-470, 475, 480, 482, 503, 519, 
553, 556, 558-559, 562, 573-577, 591-595 
aluminum and, 392 
discovered, 32, 71, 134, 194, 303, 312, 375, 385, 
391, 408-409 
oxides, 171, 380, 392, 583, 594-595, 599 
ozone, 72, 290, 312-314, 317, 320, 324-325, 575, 
577, 583, 591-593, 595, 598 
production of, 368, 370, 376, 378, 386, 443, 553, 
583 
Oxygen molecule, 67, 137, 143, 294-296 
Ozone, 72, 236, 290, 312-314, 316-317, 320-321, 
324-325, 529, 575, 577-579, 583-584, 
591-593, 595, 598 
use of, 529, 575 
Ozone hole, 313-314, 320, 595 
Ozone layer, 312-313, 320, 578, 591 
depletion of, 313 
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p orbitals, 122, 125 
2p, 125 
Palladium, 84, 189, 314, 611 
Paraffin wax, 583 
Partially hydrogenated vegetable oil, 474 
Parts per million (ppm), 545 
Pascal (Pa), 612 
Patina, 66-67 
Pauling, Linus, 181, 200 
Penetration, 39, 232, 392 
Pentane, 397-400, 402, 438 
Peptide bond, 456, 479 
Percent, 2, 14, 59, 73, 75, 81, 84, 86, 91-92, 96, 99, 
112-113, 122-123, 135, 139, 142, 149-151, 
157-158, 160-161, 167, 171, 223, 235, 244, 
248-249, 283-285, 317, 326, 374, 378, 
390-391, 401, 426, 431-432, 435-436, 
438-439, 448, 466-467, 480, 492, 497-499, 
501, 512, 526-527, 533-535, 558, 569-570, 
577-579, 581 
symbol, 14, 150 
Percent composition, 81 
Perchlorate, 303 
Periodic table, 32-33, 52, 71, 73-74, 76-77, 79-80, 
90-91, 93, 95, 99, 110, 112-113, 125-126, 
128-135, 138, 142-143, 155, 176, 181, 
183-185, 192, 194, 199-200, 205-207, 
212-213, 234, 250, 295, 376, 380, 386, 392, 
609-613 
atomic mass, 110, 112-113, 133-135, 142, 170, 
176, 295, 299, 610 
metalloids, 73-74, 90, 209 
metals, 73-74, 76-77, 90, 95, 125, 185, 187, 209, 
376, 392 
modern, 33, 76, 93, 95, 99, 110, 113, 234 
noble gases, 76, 199, 392 
nonmetals, 73-74, 80, 90, 187, 192 
organization of, 93, 181, 333 
Periodic Table of the Elements, 609-613 
Periodicity, 74 
PET, 152, 417, 421-422 
Petroleum, 15, 30, 58-59, 173, 204, 290, 347, 
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400-401, 407, 417, 424, 426, 428, 435, 558 
pH, 24, 328-329, 336-353, 356-357, 392, 407, 410, 
433, 460, 540-541, 557, 559 
meter, 340 
of blood, 343, 356 
pH scale, 339, 351-352 
Phase changes, 45, 274 
Phases, 43, 48, 51, 55, 85, 99, 254, 258-259, 265, 
279, 281-282, 291 
condensed, 99 
Phenylalanine, 455, 458, 475-476, 479, 484, 549 
Phosphide, 80 
Phospholipids, 537 
Phosphorus, 128, 137, 139, 185, 213, 378, 382, 444, 
535-538, 542-543, 547, 556-557, 611 
black, 444 
red, 137, 382, 444, 557 
white, 137, 382, 444 
Photochemical smog, 579, 583-584, 591-592, 594, 
599 
Photons, 102-103, 118, 148 
Physical changes, 65, 93, 98 
Physical properties, 65, 68, 70, 73, 82, 90, 94, 98-99, 
201, 205, 235, 245, 278, 387, 408-410 
melting point, 73 
Physical property, 65, 91, 430 
pico-, 17 
Pig iron, 378 
Planck, Max, 7, 117 
Platinum, 35, 84, 172, 189, 314, 382, 611 
Plum-pudding model, 108 
pOH scale, 351 
Polar covalent bond, 199-200 
electronegativity, 199-200 
Polar covalent bonds, 203, 206, 208 
Polar molecules, 203, 217-218 
Polarity, 180, 199-201, 203-204, 206-208, 212-213, 
247, 251, 263, 385, 406, 410, 435, 438 
bond, 180, 199-201, 203-204, 206-208, 212-213, 
247, 251, 406, 410, 438 
Polarizability, 221 
Polarized light, 585 
Pollution, 9, 136, 142, 175, 314, 320, 322-323, 355, 
369, 376, 393, 554, 566, 571-573, 579-580, 
590-592, 594-595, 598 
air, 136, 142, 314, 320, 322-323, 357, 376, 393, 
566, 571-573, 579-580, 590-592, 
594-595, 598 
water, 175, 314, 323, 355, 369, 566, 571-573, 
579-580, 590-592, 594-595, 598 
Polonium, 170, 172, 176, 611 
Polyatomic ion, 80, 98-99, 194, 205-207, 319, 348 
Polyatomic ions, 80, 186 
Polycyclic aromatic hydrocarbons, 584 
Polyethylene, 397-398, 417-418, 420-422, 427-428, 
430, 434, 436-437, 439 
Polyethylene terephthalate, 421-422, 430 
Polymer, 15, 59, 315, 416-424, 429-430, 434-435, 
439, 449, 462, 464, 477, 481 
Polymerization, 417-419, 421-422, 424, 426, 434, 439, 
450 
Polypeptides, 455, 457-458, 460, 477, 498 
Polypropylene, 417-418, 434, 439 
Polysaccharides, 446-447 
Polystyrene, 417-419, 430, 438-439 
Polyunsaturated fatty acids, 480 
Polyvinyl chloride (PVC), 419, 427 
Porphyrin, 538, 558 
Position, 32, 39-40, 52, 54, 60, 76, 185, 194, 197, 203, 
249, 305, 355, 362, 461, 607 
Positive charge, 79, 110, 124, 148, 198, 208, 213, 
234-235, 331, 333, 363-364, 373, 383, 
392-393 
Potash, 76 
Potassium, 69-70, 76, 80-81, 83, 116, 124, 130, 136, 
138-139, 142-143, 151, 187, 206-207, 212, 
329-330, 334, 354, 368, 384, 479, 535-538, 
542-543, 562, 611 
Potassium bromide, 83 
Potassium chlorate, 382 
Potassium chloride, 206, 212, 334 
Potassium chromate, 69 
Potassium hydroxide, 334, 368 
Potassium (K), 543 
Potassium nitrate, 334 
Potassium-40, 151 
Potential energy, 39-40, 54, 60-61, 117-118, 137, 143, 
270-271, 275, 302, 304, 368 
Pounds per square inch (psi), 53 
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Powers of, 3, 34, 357 
Precipitate, 230, 242, 251, 346, 567, 593, 595 
Precipitation, 245, 251, 567-568, 581 
Precision, 554, 606-607 
Prefixes, 16-17, 20, 80, 477 
S[ units, 16 
Priestley, Joseph, 183 
Principles, 13, 59, 292 
Production, 9, 58, 140, 159, 161-162, 165, 168, 
172-174, 189, 284-285, 315, 329, 368, 370, 
376, 378, 386, 389, 391, 401, 423, 446, 
467-468, 481, 509, 525-527, 531-563, 583 
of aluminum, 376, 386, 389 
of carbon dioxide, 347, 386, 401, 540-541 
of mercury, 557 
of steel, 378, 401 
of sulfuric acid, 329 
Proline, 455 
Promethium, 611 
Propanal, 412 
Propane, 387, 400, 431, 438 
Propanol, 318, 407 
Propene, 194, 318, 431 
Property, 40, 65-67, 75, 90-91, 124, 131, 139, 
173-174, 221, 246, 254, 256, 332, 430-431 
Proportional, 3, 46-47, 49, 61, 107, 119, 142, 170, 478 
directly, 47, 49, 61, 142 
inversely, 46-47 
Propyl, 400 
Protease inhibitors, 497, 524 
Proteins, 15, 84-85, 97, 218, 342, 387, 397, 442-443, 
454-458, 460-463, 465-466, 469-473, 
477-479, 481, 485, 497-499, 507, 526-527, 
535, 537-538, 553, 560 
amine group, 454-456, 477, 479, 485 
amino acid, 454-458, 466, 475, 477, 479, 481 
dipeptide, 455-456 
peptide bond, 456, 479 
polypeptide, 455-458, 460, 466, 477-478, 485 
structure, tertiary, 458 
substrate, 461, 478 
Proton acceptor, 330-331 
Proton donor, 330-331 
PVC, 72, 92, 390-391, 417, 419-420, 427-428 


Q 
Quantization, 121 
Quantum, 88, 102, 116-119, 124-125, 133-134, 137, 
181 
Quantum numbers, 125 
orbitals and, 125 


R 
Radiant energy, 585 


Radiation, 24, 96-97, 113-114, 133, 137, 143, 146-152, 


154-157, 159, 162, 168-172, 176, 300, 
302-304, 310, 581, 584-585, 589 
electromagnetic, 113-114, 133, 137, 143, 147-148, 
168, 176, 300, 302-304, 310 
ionizing, 151 
Radio waves, 114, 133, 137, 143 
Radioactive atoms, 147, 156, 171 
Radioactive half-life, 156, 169 
Radioactive waste, 150, 161, 172 
Radioactivity, 10, 128, 146-147, 149, 151-152, 
156-158, 161, 168-172, 176-177 
alpha radiation, 172, 176 
beta radiation, 172, 176 
detecting, 156 
gamma radiation, 172, 176 
gamma ray, 170 
Radium, 151, 156, 171, 174, 611 
Radon, 75, 150-151, 611 
Rate of a chemical reaction, 308, 312, 316-317 
Reactants, 12, 291-292, 294, 296, 298-312, 316, 
319-321, 324-325, 360, 371, 384, 393 
excess, 294, 319, 393 
Reaction profile, 302, 304 
Real gas, 49 
Rechargeable batteries, 367 
Reciprocal, 601 
Red phosphorus, 382 
Replication, 465, 477-478, 497-498 
Respiration, 309, 469-470, 481, 537-538, 541 
Retina, 115 
Reverse osmosis, 237-242, 246, 251, 287 
Rhodochrosite, 207 
Ribonucleic acid (RNA), 477 


Ribose, 462-463, 468, 477 

RNA, 462-463, 477-479, 496-497 

Roasting, 15, 380, 388 

Rock candy, 243 

Rods, 106, 161-162, 382 

Ruby, 188, 223, 243 

Rusting, 68, 307, 360, 381-382 
of iron, 68, 307 

Rutherford, Ernest, 108 

Rutherfordium, 611 


S 
s orbitals, 124-125 
1s, 124-125 
2s, 124-125 
3s, 125 
Salt bridge, 363-365, 384, 387-388, 458 
Salt bridges, 458 
Salt water, 84-85, 238-240, 246-247, 250-251, 262, 
268, 334, 364, 385, 387, 393, 595 
Sand, 29-30, 52, 60, 84, 94, 99, 173, 175, 223, 229, 
231, 250, 273, 351, 354, 377, 385 
Sapphire, 188, 223 
Saturated fat, 453, 478 
Saturated hydrocarbon, 403, 429-430 
Saturated solution, 224, 226-227, 229-230, 242-243, 
245, 247, 251 
Scandium, 280, 611 
Scientific law, 11, 19 
Scientific method, 3, 5, 19 
Scientific notation, 29, 338, 601-603, 608 
Scientific theory, 11, 19-21 
Seawater, 37, 83, 85, 189-190, 239, 340 
Selenium, 93, 129, 137, 185, 208, 213, 611 
Semipermeable, 238-240, 242, 251 
Semipermeable membrane, 238-240, 242, 251 
Serine, 455, 479 
Sevoflurane, 516 
Sickle-cell anemia, 457 
Significant digits, 607 
Significant figures, 22, 57, 60, 250, 605-608 
Silicon dioxide, 15, 352, 357 
Simple carbohydrates, 446 
Single bond, 430 
Skin cancer, 10 
Slag, 354, 377-380 
Slaked lime, 236 
Smog, 579-584, 591-594, 599 
Smoke, 149-151, 162, 171, 303, 306-307, 509-510, 
512, 529, 580-581, 594 
Sodium, 59, 78-80, 82-85, 93, 98-99, 116, 124-125, 
128, 136-139, 142-143, 152, 180, 183-188, 
198, 200, 206-207, 212, 217-218, 227, 
229-230, 232-235, 243-245, 247-250, 257, 
259, 287, 291, 297, 334-337, 349-352, 356, 
375-376, 389-393, 432-436, 439-440, 479, 
502-503, 562 
Sodium acetate, 341-342 
Sodium bicarbonate, 342, 351 
Sodium carbonate, 234, 243, 250, 349 
Sodium chloride, 78-80, 82-85, 99, 180, 186-188, 206, 
209, 217-218, 227, 229, 235, 244-245, 247, 
250, 257, 281, 287, 334, 342, 376, 392, 439 
in water, 84-85, 218, 227, 229, 244-245, 247, 250, 
281,287 
Sodium fluoride, 187, 200, 334 
Sodium hypochlorite, 350, 356 
Sodium nitrate, 98, 230, 245, 365 
Solar energy, 4, 24, 146, 306, 325, 346, 373, 423, 448, 
533, 573, 576, 589 
Solid matter, 43, 51 
Solid solution, 85, 99, 223 
Solubility, 216, 227-231, 234, 242-245, 250-251, 335, 
343, 409, 431, 438, 589 
Soluble compounds, 481 
Solute, 216, 223-230, 238, 242-245, 247, 250-251, 
257-259, 268, 278, 282, 287 
Solution, 29, 59, 75-76, 84-86, 91-92, 94-95, 97-99, 
167, 189, 216, 218, 222-231, 234-235, 
239-240, 242-245, 250-251, 259, 280-281, 
287, 298-299, 306, 317, 320, 334-342, 
345-346, 348-349, 351-353, 356-357, 
363-364, 377, 382, 385, 392-393, 408, 410, 
425, 434-436, 440, 478, 529, 542, 572, 
579-580 
gases in, 230 
molar concentration, 340 
solute, 216, 223-230, 242-245, 247, 250-251, 259, 
287 


stoichiometry, 298-299 
Solution concentration, 226, 247 
Solutions, 58, 60, 76, 85, 98, 142, 172, 222-225, 227, 
229, 244, 323-324, 328-329, 336-338, 
340-342, 349-351, 356-357, 438, 524, 
528-529, 533, 571 
buffer, 328, 341-342, 349, 351, 356 
fractional distillation, 438 
salt, 76, 85, 250, 341-342, 350-351, 356, 390, 392 
strong acid, 336-337, 341, 349, 356 
strong base, 336-337, 341 
weak acid, 336-338, 341-342, 349, 356, 562 
weak base, 336, 338, 341-342 
Soot, 580 
Space Shuttle, 56, 62, 263, 303 
Spatulae, 220 
Speed, 3, 40, 43-44, 50, 52, 55, 61, 98, 106, 134, 137, 
143, 155, 163-164, 166, 177, 265, 272, 279, 
290, 307, 311-314, 316-318, 320, 461, 526, 
528, 612 
of molecules, 55, 265, 316, 443 
Starch, 443, 447-450, 472, 477-480, 484 
Steel, 71, 81, 94, 99, 329, 355, 378-379, 381-382, 
384, 387-388, 393, 401, 417, 428 
stainless, 81, 94, 223, 378 
Steroids, 141, 451-454, 470, 477-478, 480-481, 484 
Stoichiometry, 298-299 
reaction, 298-299 
solution, 298-299 
Storage proteins, 456 
Stratosphere, 312, 314, 321, 325, 578-579, 583, 
591-592, 598 
Stratospheric ozone, 312-313, 316-317, 320, 529, 578 
Strong acids, 341 
Strong force, 159, 176 
Structural isomers, 398, 429-432, 435, 438 
Structural proteins, 456 
Styrene, 418-419, 434, 439 
Subatomic particles, 101-143, 360 
Sublimation, 45, 266, 278 
Subscript, 72, 78, 80, 90, 111, 212, 317 
Subshells, 143 
Substance(s), 90 
pure, 90 
Substituents, 196-197, 206, 212 
Sucrase, 461 
Sucrose, 82, 222-229, 244, 247, 281, 445, 447, 461, 
480-481, 485 
Sugar, 53, 81-82, 93-95, 98, 112, 216, 222-226, 
230-231, 243-244, 247, 250-251, 258, 282, 
306, 445, 448, 462, 464, 468, 472-474, 477, 
518, 526 
Sugar water, 223, 247 
Sulfate, 80, 84, 186, 232-233, 236-237, 367, 436, 562 
Sulfate ion, 538 
Sulfur, 15, 72, 76, 78, 80, 84, 93, 128, 137-138, 143, 
174, 185, 213, 346, 349-350, 356-357, 382, 
385-387, 392-393, 423-424, 459, 488, 536, 
538, 556-557, 562, 573, 577, 579-580, 591, 
611 
plastic, 349, 423, 573 
Sulfur dioxide, 80, 346, 349-350, 356, 380, 386, 392, 
538, 577, 579-580, 591, 594-595, 599 
Sulfur oxides, 162, 594-595, 599 
Sulfur trioxide, 80 
Sulfuric acid, 48, 207, 329, 344, 351, 356, 414, 
582-583, 599 
Sun, 5, 20, 25, 28, 117-119, 124, 151, 165-168, 177, 
194, 306, 319, 326, 369, 437, 567, 573, 
576-578, 582-585, 591, 596 
Supercritical carbon dioxide, 43 
Supercritical fluid, 43, 197, 339 
Supersaturated solution, 229 
Surface tension, 262-263, 278-279, 281, 287 
Surroundings, 172, 275, 279, 305-306, 319 
Suspensions, 85 
Sweating, 518 
Symbols, 71, 78, 90, 95, 99, 163, 198, 200 
Synthetic polymers, 417, 423 
Systematic names, 80 


T 

Tantalum, 611 

Tap water, 81, 86, 92, 94-95, 241, 251 

Technetium, 136, 142, 611 

Tellurium, 74, 90, 611 

Temperature, 3, 16, 23-25, 28, 38, 40-57, 59-61, 
66-67, 69-70, 73, 83, 92, 94-95, 98-99, 105, 
139, 151, 161, 166-167, 209, 220, 222, 224, 


227, 229-231, 234, 241-245, 247, 251, 
257-261, 265-275, 277-283, 286-287, 307, 
309-312, 317, 354, 367, 408-409, 430, 435, 
438, 452-453, 474, 482, 581-586, 589, 
594-595, 612 
density and, 53 
scales, 41-42 
Temporary dipoles, 221 
Terephthalic acid, 421-422 
Testosterone, 414, 453-454 
Tetrapeptide, 455 
Thallium, 139, 152, 172, 611 
Thallium-201, 152 
Theories, 10, 12, 19 
Thermal energy, 52, 250, 272, 304-305, 325, 370 
dispersal of, 305, 325 
Thermodynamics, 304-307, 316, 320 
first law of, 304-305 
second law of, 305-307, 320 
Thorium-234, 155 
Threonine, 455, 475-476 
Thymine, 462-465, 479, 485 
Tin, 54, 139, 250-251, 388, 426, 611 
gray, 250 
Titanium dioxide, 91 
TNT, 159 
Toluene, 404 
Toner, 58 
Torr, 612 
Total pressure, 55 
Toxicity, 58, 72, 454, 490, 499, 510, 513, 546, 549 
Trans fats, 478, 483 
Trans isomer, 432, 439 
trans-2-Butene, 404, 431 
Transistors, 87 
'Trichlorofluoromethane, 312 
Triglycerides, 451, 474, 479, 484 
Tripeptide, 455 
Tritium, 111, 152 
Troposphere, 386, 578, 581, 591-592, 598 
Tryptophan, 455, 475-476 
Tungsten, 76, 611 
Tyrosine, 455, 479, 484, 524, 529, 549 


U 

Ulcers, 355 

Units, 15-16, 18-20, 29, 31, 36-37, 48, 51-52, 72, 86, 
92, 102-103, 112-113, 117, 135-137, 139, 
149-150, 162, 168-169, 192, 227, 237, 251, 
299, 317-319, 354, 416-418, 421, 429, 434, 
440, 445-451, 461-463, 484-485, 610 

Universe, 11-13, 28, 41, 138-139, 143, 155, 167, 317, 
324, 596-597 

Unsaturated, 222, 224, 242, 244, 347, 396, 402-405, 
407, 417, 429-430, 432, 438, 451-453, 
473-474, 481-483 

Unsaturated fat, 453 

Unsaturated fatty acids, 386, 452 

Unsaturated hydrocarbon, 403-404, 417, 429-430 

Ủnsaturated hydrocarbons, 402-404, 429-430, 432, 


Unsaturated solutions, 222, 242 

Uracil, 463, 479, 485, 499 

Uranium, 78, 108, 111, 136, 150-151, 153-156, 
159-166, 169-172, 176-177, 428, 611 

Uranium-235, 159, 161, 163-164, 169-171, 176, 428 

Uranium-238, 111, 136, 154-156, 159, 161, 169-170 


V 

Vacuum, 191, 269-270, 321, 578 

Valence, 180, 182-186, 191-193, 195, 205-209, 
212-213, 372-373, 402-403, 418 

primary, 193 

Valence shell, 182-184, 192, 195, 205, 207, 212-213 

Valine, 455, 458, 475-476 

Vanillin, 396, 411-412 

Vapor pressure, 268 

Vaporization, 238, 265, 270, 275-276, 278, 286-287 

process of, 265, 270, 278 

Venus, 585 

Very weak acids, 350 

Vinegar, 65-67, 84, 204, 217, 329-330, 335, 337, 340, 
342, 345, 349, 351, 357, 385, 388, 392, 412, 
434 

Viscosity, 262 

Visible light, 99, 103, 114-115, 134, 143, 148, 584-585, 
591 

Vision, 467, 503, 528 


Vitamin A, 467, 480, 532, 558 
Vitamins, 15, 84, 442-443, 466-467, 469, 471-472, 
475, 477-478, 480-481, 484-485, 538, 553 
Volatility, 409 
Voltaic cell, 365, 384 
anode, 384 
battery, 365, 384 
cathode, 384 
salt bridge, 365, 384 
Volume, 16, 28, 35-39, 43-44, 46-57, 60-62, 122-124, 
133, 139, 222-223, 226-227, 239-244, 
250-251, 255-256, 259-261, 263-264, 279, 
281-282, 286-287, 306, 308, 310, 314, 322, 
349, 356, 370, 375, 386, 407, 432, 435, 439, 
539-540, 577-579, 592-593 
VSEPR, 195-197, 204-205, 212 
model, 195-196, 205 


W 
Washing soda, 231, 234, 349 
Water, 4, 8, 10, 12, 14-15, 20-21, 23-24, 29-34, 36-38, 
40-43, 45-50, 52-56, 59-61, 65-71, 73, 
75-76, 78, 80-87, 91-95, 98-99, 137, 141, 
143, 149-151, 161-162, 170-171, 173-176, 
180, 185, 187, 191-197, 201, 203-204, 206, 
208, 210-212, 216-220, 222-251, 253-287, 
297-299, 301, 303, 306-307, 314, 317-319, 
323-325, 329, 331-340, 342-353, 362-364, 
367-370, 372, 375, 379, 381-383, 385-393, 
405-412, 421, 423, 429-432, 434-440, 458, 
473, 477-481, 483-485, 489-490, 523-524, 
528-529, 535, 549-553, 562, 565-600, 
601-602 
alkali metals and, 76 
electrolysis of, 369, 385, 387, 392-393 
freezing of, 282 
hard, 31, 87, 99, 193, 216, 231, 233-235, 242-243, 
245-246, 250-251, 256, 344, 407, 430, 
436, 460, 480, 529 
phases of, 43, 55, 99, 259 
sodium chloride in, 218, 227, 244 
with calcium, 229, 234, 347, 490 
with carbon, 66-67, 176, 230, 344, 379 
with carbon dioxide, 66-67, 230, 344 
with sodium, 217, 232, 244, 375, 434 
Water fluoridation, 248 
Water (H2O), 598 
Water molecule, 30, 53, 87, 95, 99, 143, 185, 192, 
194-197, 203-204, 206, 208, 212, 217-219, 
250-251, 262, 265, 319, 331, 337-338, 348, 
350, 352, 602 
Water pollution, 571, 591 
Watson, James, 464 
Wave nature, 120-121, 142-143 
of light, 121, 142-143 
Waves, 103-104, 113-114, 120-122, 133, 135, 137, 
143, 584-585 
Weak acids, 335, 350-351 
White phosphorus, 382 
Wilkins, Maurice, 465 
Wind, 4, 9, 87, 136, 274, 368, 374, 388, 391, 393, 538, 
550, 554, 590 
Wind power, 590 
Wood alcohol, 406, 513 
Work, 6, 9-10, 16, 21-22, 39, 49, 51, 53, 56, 97, 103, 
107-108, 159, 170, 177, 185, 197, 264, 281, 
284, 293, 296, 312, 341-342, 360, 369-370, 
375, 403, 416, 436, 454, 461, 477, 485, 
489-491, 522, 524-525, 527, 529, 534, 598 


b$ 
Xrays, 10, 19, 113-114, 148 


r4 
Zinc oxide, 367, 382 
Zirconium, 611 
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